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CAN ammonium cerium nitrate 
Cbz benzyloxycarbonyl 
conv. conversion 
DAST N,N-diethylaminosulfur trifluoride 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 





DMP Dess-Martin periodinane 
DMSO dimethyl sulfoxide 
DPPA diphenyphosphoryl azide 
EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 




IBX 2-iodoxybenzoic acid 
LAH lithium aluminum hydride 
LDA lithium diisopropylamide 




MS3A 3 Å molecular sieves 
 iii 
n normal 
NaHMDS sodium hexamethyldisilazide 
NBS N-bromosuccinimide 
NCS N-chlorosuccinimide 
NHC N-heterocyclic carbene 
NMO N-methylmorpholine N-oxide 
NOx nitrogen oxide 
Ns ortho-nitrobenzenesulfonyl 
Oxone® 2KHSO5·KHSO4·K2SO4 





PPTS pyridinium para-toluenesulfonate 
quant. quantitative yield 
Red-Al® sodium bis(2-methoxyethoxy)aluminum hydride 
rt room temperature 
sat. saturated 
TBAC tetrabuthylammonium chloride 
TBDPS tert-butyldiphenylsilyl 
TBHP tert-butyl hydroperoxide 
TBS tert-butyldimethylsilyl 






TFAA trifluoroacetic anhydride 
THF tetrahydrofuran 
TIPS triisopropylsilyl 
TPAP tetrapropylammonium perruthenate 
TPP 5,10,15,20-tetraphenylporphyrin 
Ts para-toluenesulfonyl 
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と分類できる (Figure 0-1)．5  遷移金属を中心的成分とする酸化剤の歴史は古く，最も






に Baeyer と Villiger により報告された，過酸を用いたケトンのエステルへの変換反応，








N-メチルモルホリン N-オキシド」を用いるアルケンの cis-ジヒドロキシル化反応 8が挙
げられる．
Figure 0-1: Overview of oxidizing reagents in organic chemistry 
	 酸化的分子変換に用いられる有機分子の 1つに，ニトロキシルラジカルと呼ばれる化
合物群がある．ニトロキシルラジカルとは Figure 0-2に示すように，N,N-二置換 N-O• と
いう構造単位を有する化合物を指す．これらの化学種は酸素原子上の不対電子が窒素原
子上の孤立電子対と共鳴することによりラジカルとしては例外的に安定に存在しうる．
有機合成化学上重要なニトロキシルラジカル種の構造には，PINO (phthalimide N-oxyl, 1)
9 に代表される N,N-ジアシル置換型ニトロキシルラジカルと， TEMPO 
(2,2,6,6-tetramethylpiperidine N-oxyl, 2) 10 に代表される N,N-ジアルキル置換型ニトロキ
シルラジカルが存在する．
Figure 0-2: Nitorxyl radicals 
Transition metal-based reagent
Organic / Inorganic compound
without transition metals Others
• Chromium (VI)



















  H2O2, tBuOOH, DMDO
• Halogenated compounds
  NCS, Br2, NaOCl
• Hypervalent iodine reagent



























て生じる化学種であるオキソアンモニウム種が酸化活性種としてはたらく反応 の 2 つ
が存在している．前者には主に N,N-ジアシル置換型ニトロキシルラジカルにより達成
される反応であり，NHPI (N-hydroxyphthalimide, 3) の酸素酸化により生じる PINOによ
る，ラジカル的な水素原子の引き抜きを起点として反応が進行する．この一例として
1995年石井らにより, 分子状酸素を酸化剤とするNHPI触媒的ベンジル位C-H酸化反応
が報告されている (Schme 0-1)．11  この報告は PINOを触媒とした酸化反応における重






















Ishii, Y. et al. J. Org. Chem. 1995,  60, 3934.
NHPI (10 mol%)



















告した（詳細は後述する）．16  これを皮切りに，アルコール基質と TEMPO由来オキソ
アンモニウム種との反応性が広く研究されることとなった．その結果，アルコール類の
カルボニル化合物（アルデヒド，ケトン，カルボン酸）への酸化ならびに酸化的エステ
ル化(Scheme 0-3, Eq.1, 2)17  および第三級アリルアルコールの酸化的転位反応 (Scheme 
0-3, Eq.3) 18が見出された．さらに近年では，一級アミンをニトリルへと酸化することも
可能であることが報告されている(Scheme 0-3, Eq.4)．19 
	 また，1970年に Golubevは，TEMPO由来オキソアンモニウム種とケトンの反応によ
り，ケトンのα位がアミノオキシ化された生成物が得られることを報告した．20  この
α-アミノオキシケトンは，熱的条件，酸化的条件により 1,2-ジケトンに (Scheme 0-3, 
Eq.5)，還元的条件によりα-ヒドロキシケトンに (Scheme 0-3, Eq.6) 変換されることか
ら，この反応はカルボニルα位の官能基化を行う上で有用とされている．さらに，本反
応がエノン合成法へと応用された例も数例報告されている (Scheme 0-3, Eq.7)．21 
	 さらに，オレフィン類と TEMPO由来オキソアンモニウム種の反応も少数ではあるが
報告されている (Scheme 0-3, Eq.8, 9)．22	 これについては後に詳述する． 



















ている(Scheme 0-3, Eq.10, 11)．23	 以上述べたように，TEMPO由来オキソアンモニウ
ム種を用いた酸化的分子変換反応は，その反応性のユニークさと，得られる化合物の合
成化学的有用性の観点から，有機合成化学において重要な位置にある．
Scheme 0-3: Oxidative transformation using an oxoammonium species 













• Oxidation of phenols to quinones
• Phenol coupling




















































(oxidation of amine into nitrile) R NH2 R (Eq.4)N























障害の大きな基質の酸化を困難とする場合が多い (Figure 0-3)．25 
 
 
Scheme 0-4: Disproportionation of nitroxyl radical having α-hydrogen atom 
 
 
Figure 0-3: Steric effect of TEMPO-derived oxoammonium species 
 
	 この TEMPO (2) が有する基質適用性の限界の解決を志向し，著者の所属研究室では，
アダマンタン骨格にニトロキシルラジカル単位を組み込んだ 2-azaadamantane N-oxyl 
(AZADO, 6)を開発した．26	 AZADO (6) はα水素を有するニトロキシルラジカルであ
るが，Bredt 則により，上述した不均化による異性化の進行が抑制されているために安
定に存在できる．またα位に水素原子を有していることから TEMPO 由来のオキソア
ンモニウム種と比較してより広い反応場を有する (Figure 0-4)．そのため，AZADO (6) 





















Figure 0-4: Design concept of AZADO (6) 









































Figure 0-5: Alcohol oxidation methods 
 
	 TEMPO (2) を用いるアルコール類の酸化手法は，先述した 1965年の Golubevの報告
にその端緒を見ることができる（Scheme 0-5）．16	 彼らは，4-hydroxy-TEMPO (7) を塩
素もしくは臭素により処理することで，対応するオキソアンモニウム塩 8 が得られ，
さらにこのオキソアンモニウム塩 8 にアルコールを作用させることで，ヒドロキシル
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Scheme 0-5: Reactivity of oxoammonium salt with alcohols 
 
	 この報告を皮切りに，様々な共酸化剤を用いた TEMPOを触媒とするアルコール酸化





































Golubev, V. A. et al.  Izv. Akad. Nauk SSSR, Ser. Khim. 1965, 1927.





Scheme 0-6: The first example of transition-metal-free aerobic oxidation system  
 
	 この報告を契機として，遷移金属を用いない様々な空気酸化反応条件が続々と報告さ






酸化反応システムの抱える問題を解消すべく検討を行った．その結果， AZADO (6) の
5位にフッ素原子を導入した 5-fluoro-2-azaadamantane N-oxyl (5-F-AZADO, 10) を用いた




























95% / 1 h
OH
Cl
96% / 2 h
n-Hex
OH
98% / 4 h
(NaNO2 8 mol%
 Air 0.9 MPa)
OH
89% / 4 h
(NaNO2 8 mol%
 Air 0.9 MPa)
<Mechanism>
Liang, X. and Hu, X. et al. J. Am. Chem. Soc. 2004, 126 , 4112.
 11 
たアミノアルコール 15をも高効率的に酸化し，対応するアルデヒドもしくはケトンを
高収率で与える（Scheme 0-7）．  
Scheme 0-7: Aerobic oxidation using 5-F-AZADO (10) 
	 一方で本反応には，触媒に導入したフッ素原子の効果にいくつか不明瞭な点が存在し










て詳しく評価した．すなわち，AZADO の 5 位と 7 位にフッ素原子を導入した
5,7-difluoro-2-azaadamantane N-oxyl (5,7-DiF-AZADO, 20) を新規に合成し，AZADO (6)，
5-F-AZADO (10)，5,7-DiF-AZADO (20) のアルコール酸化反応活性をガスクロマトグラ
フィーを用いて精査した (Scheme 0-8)．その結果，当初の仮説に反して，フッ素原子の
 J. Am. Chem. Soc. 2011, 133 , 6497.
R1 R2
OH



























OH96% / 3 h 85% / 9 h
98% / 2 h
93% / 1 h
(5-F-AZADO 3 mol%
AcOH 0.4 M)



















Scheme 0-8: Effect of F atom 
 
	 第一節の検討において，反応の初速度は 5-F-AZADO (10) より AZADO (6) を触媒と
した場合の方が大きいことが示された．しかしながら本反応系において AZADO (6) を
N O N O
F
N O N O N O
F F
F




71% / 24 h 94% / 4 h 91% / 9 h





1-Me-AZADO (17) 5-F-1-Me-AZADO (18) 5,7-DiF-1-Me-AZADO (19)
AZADO (6) 5-F-AZADO (10)
(isolated yield)
N O N O
F























ると考え，AZADO骨格 6位のメチレン単位を酸素原子で置換した 2-aza-6-oxaadamantane 
N-oxyl (Oxa-AZADO, 21)，窒素原子で置換した N-Toluenesulfonyl-2,6-diazaadamantane 
N’-oxyl (TsN-AZADO, 22), 二つのニトロキシルラジカル部位を同一のアダマンタン骨




























体 な ど の 電 子 豊 富 な オ レ フ ィ ン が ， 4-methoxy-2,2,6,6-tetramethylpiperidine 





Scheme 0-9: Endo’s report 
 
	 2005 年に Belgsir らは， 1-phenylcyclohexene 25 が MeCN-H2O 混合溶媒中，
2,2,6,6-tetramethylpiperidine N-oxoammonium tetrafluoroborate (TEMPO+BF4–, 27) と反応し
アリル位酸化を起こすことを報告している．本反応は電気化学的条件において触媒化も

































Scheme 0-10: Belgsir’s report 
 
	 さらに 2006年，Bobbittらは，4-acetoamide-2,2,6,6-tetramethylpiperidine N-oxoammonium 
tetrafluoroborate (4-NHAc-TEMPO+BF4–, 28) が種々の三置換オレフィンに対してエン型
の付加反応を起こし，対応するアルコキシアミンを与えることを報告した．22d	 また，
当 研 究 室 の 富 澤 も ， 1-methyl-2-azaadamantane N-oxoammonium tetrafluoroborate 
(1-Me-AZADO+BF4−, 29) が同様の反応を起こすことを確認している (Scheme 0-11)．38 
 
 
Scheme 0-11: Ene-like addition of oxoammonium salt to trisubstituted olefins 
 
	 また，当研究室の林は，シリルエノールエーテルに対し，  2-azaadamantane 
N-oxoammonium tetrafluoroborate (AZADO+BF4−, 32) を作用させることで，エン型の付加
反応を経由してα,β-不飽和ケトンを与えることを見出している (Scheme 0-12)．22e 
TEMPO+BF4–  (27) (2.1 eq.)
or



































































を複雑基質に対し適用している(Scheme 0-13, b)．42	 また最近では六価クロム以外の遷

























Scheme 0-13: Cr-mediated allylic oxidation 
 
	 一方で，遷移金属に依らない手法も幾つか知られている．特に， NHPI (1) を触媒と
して用いたラジカル的アリル位酸化はよく研究されている．43  ごく最近 Baranらは，
修飾 NHPI 43を用いることで，既報の条件を改良した電気化学的アリル位酸化反応によ
るエノン合成法を報告している (Scheme 0-14)．44 
 
 






























b) Application of Cr-mediated allylic oxidation to total synthesis of pacritaxel
a) Early examples of Cr-mediated allylic oxidation



























































Baran, P. S. et al. Nature 2016, 533, 77.
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 これまで述べてきたオレフィンを起点とするエノン合成を相補する方法として，二重
結合の転移を伴う手法（酸化的アリル転移, Scheme 0-15 a）も存在する．本手法は，先
述したアリル位を直接酸化した場合に得られるエノンの位置異性体を得ることが可能
であり，生成物の多様性を志向した際に有用な方法論となる．しかしながらそのような
手法を一工程で行う手法としては，Scheme 0-15 b に示す一重項酸素との ene反応
（Schenck ene 反応）と，生じるアリルヒドロペルオキシドのアセチル化，脱離による
ものがほぼ唯一の例である．45	 またこの方法論は天然物合成への応用例も存在する 
(例：Scheme 0-15 c) 46ことから，本反応を達成する新たな方法論の開発は，この反応の
潜在的有用性を拡張することにつながる．
Scheme 0-15: Oxygenative allylic transposition 











































c) An example of synthetic application
Mihelich, E. D. and Eickhoff, D. J. J. Org. Chem. 1983, 48, 4135.












































































































Kulkarni, A. A. and Diver, S. T. J. Am. Chem. Soc. 2004, 126 , 8110.
• Transition-metal catalyzed [2+2+2] cycloaddition
+
















 Grubbs 1st, rt;
 Grubbs 2nd, reflux
 benzene
2. PPTS, MeOH
22% for 2 steps
O OHOTBDPS
Tadano, K. et al. J. Org. Chem. 2004, 69, 8789.




























0 °C to rt 89% (M = Li)
78% (M = Cu·LiCN)
OTIPS
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• Dibromination-elimination sequence (predominantly used method)
  (Schaefer, J. P. and Endres, L. Org. Synth. 1967, 47, 31)
drawbacks
• functional group tolerance
• regioselectivity
ex)
Baran, A.; Balci, M. et al. J. Org. Chem. 2012, 77, 5086.







Figure 0-8: Reactivity of 4-NHAc-TEMPO+BF4– (28) with various olefins22d
Scheme 0-20: Synthesis of 1,3-cycloalkadienes from cycloalkenes using unprecedented 



































	 当研究室で開発された 5-F-AZADO (10) / NaNO2 / AcOHシステムにおいて高い触媒活
性の発現に重要とされていた，AZADO触媒に導入されたフッ素原子の効果を精査する
べく，経時的な反応プロファイルを取得し検討することとした．すなわち，AZADO (6)，
5-F-AZADO (10)，5,7-DiF-AZADO (20) をそれぞれ 1 mol% 用いて，l-menthol (16) を基
質とし，NaNO2共存下，酢酸溶媒中，常圧空気，室温での menthone (16’) への酸化反応
を追跡した．なお，menthone (16’) への変換率は，ガスクロマトグラフィーを用いて算






Figure 1-1: Effect of F atom (l-menthol (16)) 
OH
16
NItroxyl Radical  (1 mol %)
NaNO2 (10 mol %)



























	 Figure 1-1 から，触媒の持つフッ素原子の数が増えるにつれて反応の初速度が低下し
ているのが分かる．また，5-F-AZADO (10) を触媒に用いると 6時間で反応は終了した
が，AZADO (6)，5,7-DiF-AZADO (20) の場合は反応が途中で停止した．特に AZADO (6) 
では変換率が 90% 程になると，急激な反応の減速が見られた．この現象は，同条件で
の反応を数回繰り返した際も再現性良く観察された．
	 さらに，その他の基質として 4-phenyl-2-butanol (64), 2-octanol (65)を用いて同様の検討
を行った (Figure 1-2, 1-3)．その結果，l-menthol (16) の場合と同様に，触媒の持つフッ
素原子の数に応じて反応の初速度は低下し，AZADO (6) を触媒としたときは反応が途
中で停止した．
Figure 1-2: Effect of F atom (4-phenyl-2-butanol (64)) 
64
NItroxyl Radical  (1 mol %)
NaNO2 (10 mol %)






































体として 5-MeO-AZADO (66), 5,7-DiMeO-AZADO (67) を設計・合成し，その経時的な
反応プロファイルを先に示した方法にて取得した (Figure 1-4)．その結果，フッ素原子
の場合と同様に，メトキシ基の導入数が増加すると反応の初速度は低下し，





NItroxyl Radical  (1 mol %)
NaNO2 (10 mol %)




























Figure 1-4: Effect of MeO group (l-menthol (16) ) 
OH
16
NItroxyl Radical  (1 mol %)
NaNO2 (10 mol %)



























	 第一節の結果から，5-F-AZADO (10) よりも AZADO (6) を用いる方が，反応の初速
度が大きくなることが示された．したがって，この条件で起こる反応の減速を回避する
ことができれば，5-F-AZADO (10) を用いる条件よりも，高活性な空気酸化反応となり












	 AZADO (6) を用いた場合に観測される急激な反応の減速の原因として，3つの可能
性を考えた．すなわち，a) 時間経過による AZADO (6) の失活 b) 共触媒である活性な









Figure 1-5: Effect of AcOH  
OH
16
AZADO (6) or 5-F-AZADO (10) (1 mol %)
NaNO2 (10 mol %)
AcOH (X equiv)























































	 反応の停止が確認された時点 (反応開始から約 8 時間)で，反応系中に触媒である
AZADO (6) を追加することで，時間経過による AZADO (6) の失活の有無を判断できる
と考え，1 mol% の AZADO (6) を追加する検討を行った．しかし反応は完結せず，わ
ずかな変換率の上昇が見られたのみであった．一方，AZADO (6) の代わりに 1 mol% の
5-F-AZADO (10) を追加すると，変換率はほぼ 100% に達した (Figure 1-6)．この結果
は，反応系中に AZADO (6) を不活化する化学種が生成していることを示唆する．なお，
5-F-AZADO (10) を追加すると反応はほぼ完結することから，その化学種によって，
5-F-AZADO (10) は不活化されにくいものと考えられる． 
Figure 1-6: Addition of extra AZADO (6) or 5-F-AZADO (10) 
OH
16
AZADO (6) (1 mol %), NaNO2 (10 mol %);
AZADO (6) or 5-F-AZADO (10) (1 mol %)
at 8.25 h



























b) 共触媒である活性な NOxの枯渇の可能性 
	 a) と同様に，反応の停止が確認された時点で，反応系中に NaNO2を追加することで，
活性 NOxの枯渇を判断できると考えた．こちらの場合も，わずかな変換率の上昇が確
認されたのみで，これ以上反応は進行しなかった (Figure 1-7)．なお，この時の変換率

















AZADO (6) (1 mol %), NaNO2 (10 mol %);
NaNO2 (10 mol %) at 9 h































Figure 1-8: Plausible reaction mechanism 
	 主たる副生物である水と硝酸が触媒毒となるという仮説を検証するために，まずは系
中に硝酸を添加して反応を行った．すなわち，70% 硝酸を基質に対してそれぞれ 1 
mol%, 10 mol%, 100 mol% (1 equiv.) 添加した際の経時的な反応プロファイルを取得し
た．その結果，AZADO (6) を触媒とした場合は，1 mol% の硝酸の添加においても，変
換率の値は減少した．一方で，5-F-AZADO (10) を触媒とした反応では，1 mol% の硝














































Figure 1-9: Effect of HNO3 
 
続いて，系中に水を添加してその影響を確認した．56 その結果，AZADO (6) を触媒と
した場合は，基質に対して 1当量の水の添加で，変換率が 10％程度減少した．一方で，
5-F-AZADO (10) を触媒とした場合は，1当量の水の添加ではわずかな反応時間の延長




AZADO (6) or 5-F-AZADO (10) (1 mol %)
NaNO2 (10 mol %)
c. HNO3 (X mol %)

























































Figure 1-10: Effect of H2O  
OH
16
AZADO (6) or 5-F-AZADO (10) (1 mol %)
NaNO2 (10 mol %)
H2O (X equiv)


















































	 以上の検討結果は，本反応条件において系中で副生する水が，AZADO (6) を触媒と
した場合に見られる反応の急激な減速現象を引き起こしている可能性を示している．ま




めに，1 mol%の AZADO (6) を用いた l-menthol (16) の空気酸化反応の進行中に（反応
の急激な減速が起こる前, 変換率約 70％時点で），0.5当量の l-menthol (16) を追加した
場合に，総量として 1.5当量の l—menthol (16) のうち，どの程度が酸化されるかを見た．
その結果，1当量を上回って，約 1.2当量の l-menthol (16) が酸化された (Figure 1-11)．
この結果は，反応の急激な減速現象が，基質であるアルコールの量がある程度まで減少
してから起こることを示している．
Figure 1-11: Effect of the addition of l-menthol at ca. 70% conversion 
OH
16
AZADO (6) (1 mol %), NaNO2 (10 mol %);
l-menthol (0.5 equiv) at 4 h

































の AZADO (6) を用いた l-menthol (16) の空気酸化反応の停止後に，0.5当量の l-menthol 







Figure 1-12: Effect of the addition of l-menthol after the slowdown 
 
	 そこで，本反応の不活化の経路を明らかにするために，反応減速後に系中に残存して
いる化合物を単離することを試みた．すなわち，2.57 g (19.7 mmol) の 2-octanol (65) を
30.0 mg (1 mol%, 197 µmol) の AZADO (6) を触媒として空気酸化反応条件に付し，反応
の減速を確認ののち，反応溶液を濃縮して得られた残渣に存在する化合物を単離した．
その結果，主成績体として得られてきた AZADO由来の化合物は，アルコキシアミン




AZADO (6) (1 mol %), NaNO2 (10 mol %);
l-menthol (0.5 equiv) at 8 h


































Scheme 1-1: Isolation of alkoxyamine 68 and 69  
 
	 最後に，本検討にて用いた修飾 AZADO類（5-F-AZADO (10), 5,7-DiF-AZADO (20), 
5-MeO-AZADO (66), 5, 7-DiMeO-AZADO(67)）のサイクリックボルタンメトリー（CV）
測定を行い，酸化還元電位 Eº’の値を算出した．測定は，作用電極にグラッシーカーボ
ン電極（内径 3 mm），参照電極に Ag/Ag+，カウンター電極に白金線を用いた三電極方
式で行った．電位の掃引速度を 50 mV/sとしたときに得られた cyclic voltammogram を
Figure 1-13, 14に， Eº’ 値を Table 1-1 に示した． 
	 CV測定の結果から，AZADO (9) にフッ素原子を 1つ導入した 5-F-AZADO (10) は，
元の AZADO (9) よりも Eº’ 値が約 180 mV 上昇した．さらにもう 1つフッ素原子を導
入した 5,7-DiF-AZADO (26) も，5-F-AZADO (10) と比べて約 180 mV，Eº’ 値が増加し






















68+69 20.8 mg (38%, 68:69 = 4:1)
 38 
Figure 1-13: Cyclic voltammogram of AZADO (6), 5-F-AZADO (10) and 
5,7-DiF-AZADO (20) 
Figure 1-14: Cyclic voltammogram of AZADO (6), 5-MeO-AZADO (66) and 
5,7-DiMeO-AZADO (67) 











































N O N O
F
Eo' +236 mV +412 mV




















Figure 1-15: Plausible reaction mechanism 
	 第一節で得られたフッ素原子導入による反応初速度の変化と，第二節の CV測定によ
って得られた酸化還元電位 Eº’ 値を比較すると，AZADO (6) へのフッ素原子の導入に
より酸化還元電位 Eº’ 値は増加し，反応の初速度は低下している． (Table 1-2)． 
Table 1-2: Comparison of initial reaction rate and 







































Eo' +236 mV +413 mV +591 mV
AZADO (6) 5-F-AZADO (10) 5,7-DiF-AZADO (20)






















減速が起こらなくなる (Figure 1-5)． 
・反応の副生物として考えられる硝酸ならびに水を系中に添加すると，添加量に応じて，
最終的なアルコールの変換率が低下する．その低下の度合いは，AZADO (6) を触媒と
















Figure 1-16:Plausible mechanism of deactivation 
 
  触媒である AZADO (6) の一部は，そのオキソアンモニウム種と，生成物であるカル
ボニル化合物より系中の酸により生成が促進されると考えられるエノールとが不可逆
的にアルコキシアミンを形成する反応を起こす (Scheme 1-1) ことで，不活化される． 
 





イドレート体の形成を促進する系中のプロトン濃度は低下するため， AZADO (6) を触
媒としても反応が停止しなかったと考えられる．すなわち，本反応において触媒に導入
したフッ素原子（ヘテロ原子）は，触媒自身の失活を防ぐために重要であったと考えて














導体 Oxa-AZADO (21), TsN-AZADO (22), DiAZADO (23) を設計・合成し，その本反応
条件における活性を比較することにした．
・Oxa-AZADO (21)の合成 





コール 72を得た．72を 1.6当量の PhI(OAc)2と 1.5当量の I2存在下， 100 V-100 W白
熱電球による光照射を行い，ラジカル的な閉環反応によりオキサアザアダマンタン骨格
を構築した 73 を得た．このとき，N-Tsビシクロケトン 71 も同時に 8% 得られた．そ
の後，Red-Al®を用いトシル基の脱保護を行い，続く生じたアミンの酸化により
Oxa-AZADO (21) を得た (Scheme 1-2)．  















28% NH3 aq., H2O
 rt, 24 h
2. TsCl, Na2CO3
CH2Cl2-H2O (1:1)








0 ºC, 1 h
70%
1. Red-Al®
 toluene, reflux, 1.5 h
2. UHP, Na2WO4·2H2O
 MeCN, 2 h






・TsN-AZADO (22), DiAZADO (23)の合成 
	 これら 2つの AZADO誘導体のうち，DiAZADO (23) は，1974年に Rassatらによっ
て既に合成がなされていた 61が，その収率の低さから検討に必要な量を合成することが
困難であることが予想された．そこで，当研究室の富澤により見出されていた手法に則
り TsN-AZADO (22), DiAZADO (23) の合成を行うこととした．すなわち，Oxa-AZADO 
(21) の合成中間体である 71に，EtOH中 60 °Cで塩化ヒドロキシルアンモニウムを作用
させ，オキシム 74 を得，これを MoO3存在下，NaBH4で還元し，続いて生じたアミン
をトシル化しトシルアミド 75 を得た．これを Hofmann-Löffler-Freytag 反応（Suárez改
良法）の条件 62，すなわち，1,2-dichloroethane 中，2 当量の PhI(OAc)2と 0.5 当量の I2
存在下，100 V-100 W白熱電球による光照射を行うことで，ラジカル的な C-N 結合形
成を行い，閉環体である N,N’-di-p-toluenesulfonyl- 2,6-diazaadamantane 76を高い収率で
得たその後，Oxa-AZADO の場合と同様に，Red-Al®を用いトシル基を脱保護し，得ら
れたジアミンを酸化することで，目的の DiAZADO (23) を合成した (Scheme 1-3)． 
Scheme 1-3: Synthesis of DiAZADO (23) 
	 また，Red-Al®を用いた脱トシル化反応において，反応時間を 1時間に短縮し，続い
て酸化を行ったところ， 76の一方のトシル基のみが脱保護され，続くアミノ基の酸化


























 reflux, 18 h
2. UHP, Na2WO4·2H2O
 MeCN, 3 h
O
DiAZADO (23)






Scheme 1-4: Synthesis of TsN-AZADO (22) 
	 合成した新規 AZADO誘導体を catalyst 1 mol% / NaNO2 10 mol% / AcOH solvent / rt / 
















    toluene
    reflux, 1 h
2. UHP
    Na2WO4·2H2O









OH AZADO derivative (1 mol%)NaNO2 (10 mol%)































Figure 1-17: Comparison of catalytic efficiencies 
	 続いて，TsN-AZADO (22)を除いたこれら AZADO誘導体を用いた空気酸化反応の基
質適用性について，catalyst 1-5 mol% / NaNO2 10 mol% / AcOH solvent / rt / Air という条
件で精査した (Table 1-2)．その結果，Entry 1-4, 6,8,10,11は触媒量 1 mol%で，Entry 5,7,9
は触媒量 3 mol%，Entry 12は DiAZADO (23) は 3 mol%，Oxa-AZADO (21) は 5 mol% で 
空気酸化反応が効率的に進行した．また，Entry 13 に示した α-アミノ酸より誘導した
アルコールに関しては，catalyst 1 mol% / NaNO2 10 mol% / AcOH 2 eq. /MeCN solvent / rt / 
Air という条件で反応を行った．このとき，いずれの触媒を用いても，生成物のラセミ
化は起こらなかった． 
	 以上の結果から， Oxa-AZADO (21)，DiAZADO (23)，が，亜硝酸ナトリウムを共触






























Table 1-3: Application of aerobic oxidation using newly synthesized AZADOs  
alcohol
AZADO derivative (1 mol%)
NaNO2 (10 mol%)




isolated yield / time




11 96% / 3 h 93% / 3 h 100% / 2 h
2
OH
85% / 9 h 80% / 8 h 83% / 8.25 h
Ph
OH
3 96% / 6 h 98% / 6.5 h 93% / 7.5 h
Ph
OH
4 95% / 7 h 93% / 7.5 h 100% / 8 h
5 n-C5H11
OH
86% / 10 ha 86% / 8 ha 94% / 6 ha
Ph OH 72% / 5 h 70% / 8 h 80% / 5 h6
Ph OH 93% / 3 ha 95% / 1.5 ha 100% / 1.5 ha7
OBz
OH
96% / 6.5 h 95% / 5.5 h 92% / 4.5 h8
CbzHN
OH





















93% / 1 ha,c 88% / 1.5 hb,c 86% / 2 ha,c
N
Cbz
OH13 77% / 4 h
d
(no racemization)
69% / 4 hd
(no racemization)














a AZADO derivative (3 mol%) was used.  b AZADO derivative (5 mol%) was used.




最後に，Oxa-AZADO (21), TsN-AZADO (22), DiAZADO (23),について CV測定を行い，
酸化還元電位 Eº’の値を算出した．測定法は第一章第三節と同様，作用電極にグラッシ
ーカーボン電極（内径 3 mm），参照電極に Ag/Ag+，カウンター電極に白金線を用いた
三電極方式で行った．電位の掃引速度を 50 mV/s としたときに得られた cyclic 
voltammogramを Figure 1-18に, 算出した Eº’値を Table 1-4 に示す． 
 
 
Figure 1-18: Cyclic voltammogram  
 
 
Table 1-4: Experimantal redox potential Eo 
 
	 測定結果より，Oxa-AZADO (21) は AZADO (6) よりも大きく，5-F-AZADO (10) よ






























Oxa-AZADO (21) DiAZADO (23)
O
N O N O
F
Eo' +236 mV +413 mV +358 mV






















レフィン 85と， AZADO+BF4– (32)を混合し得られる生成物について解析した．その結




主成績体のアルコキシアミン 86に対し，過酸として magnesium monoperoxyphthalate 
hexahydrate (MMPP·6H2O) を作用させたところ，良好な収率で対応するエノン 88へと
変換された．この結果より，AZADO+BF4– (32) が所望の反応性を有していることが確
認された．
Scheme 2-1: Stoichiometric reaction of AZADO+BF4– (32) and trisubstituted alkene 85 / 





















































Table 2-1: Examination of catalytic condition using peracid as a sole oxidant 
	 この結果を受け，本反応において進行するエポキシドの生成を抑制するための検討を
行った．ここで本反応系によく似た反応として，当研究室の林により報告された，ニト















entry oxidant temp./ time
1* mCPBA (1 equiv.) 0 °C to rt, 1.5 h 9.1%
88 89
57%
2 mCPBA (2 equiv.) – 40 °C, 1 h 6.9% 20%





4 MMPP•6H2O (2 equiv.) –40 °C to rt, 16.5 h 38% 25% N.D
5 CH3CO3H (1 equiv.) 0 °C to rt, 4.5 h 15% 42% N.D
1H NMR yield (internal standard: 1,3,5-trimethoxybenzene) * isolated yield
+
 51 
Scheme 2-2:Catalytic 1,2-diketone synthesis from silyl enol ether 
	 この報告に倣い，AZADO+BF4– (32)，MMPP·6H2O，LiBF4の MeCN懸濁液に対し，基
質である三置換オレフィン 85 の MeCN 溶液を室温下滴下し反応を行った．その結果，
エノン 88 を 4割程度の収率で得ることには成功したが，やはりエポキシドの副生も進
行した (Table 2-2, entry 1)． 










































Table 2-2: Initial investigation of the catalytic conditions 
	 続いて，さらなる収率の向上を志向し，最適化検討を進めた．Table 2-2 の検討を進
める途上で，本反応ではエポキシド以外の副生物として三級アルコール 95 が生じるこ





TEMPO+BF4– (27), 4-NHAc-TEMPO+BF4– (28) を用いた場合では，反応が触媒的に進行せ
ず，原料の残存及びエポキシドの副生が観察された (Entry 2,3)．また，他の AZADO
誘導体由来のオキソアンモニウム塩も検討したが，元の AZADO+BF4–を用いた場合より










































Table 2-3: Screening of the oxoammonium salt 
	 続いて反応溶媒の検討を行った (Table 2-4)．オキソアンモニウム塩の溶解性を考慮
し，アセトニトリルとの混合溶媒系を用いて検討を行った．生成物の比という観点では
溶媒間で大きな差は見られなかったが，アセトニトリル－トルエン もしくは アセトニ



















MeCN, rt, 24 h
oxoammonium salt
1H-NMR yield


































26% 28% <5% 11%









Table 2-4: Optimization of solvent 
	 最後に各種反応条件の調整を行った (Table 2-5)．オキソアンモニウム塩の代わりに，
ヒドロキシルアミン体である 2-hydroxy-2-azaadamantane (AZADOL, 98) を用いた際は，
反応が完結せず，原料が残存する結果となった．AZADO+BF4– (32) の触媒量を 10 mol%
に減じた場合，反応は完結するものの，エポキシドの副生が確認された．添加剤として
加えている LiBF4の効果について検証したところ，2 当量の LiBF4を用いても反応への
影響はほとんど見られないが，LiBF4を加えない条件では，反応が触媒的に進行しなか






































solvent, rt, 24 h
88 89 95 85
MeCN
 55 
Table 2-5: Optimization of the reaction conditions 
	 検討は，反応を確実に完結させるため，PhI(OAc)2 を 1.2当量，MMPP·6H2Oを 0.6当
量用いて検討を行った．はじめに，テルペン類によく見られる部分構造であるジメチル
エテニル単位を有する基質について官能基共存性を検討した．本反応ではエステル (88, 
103, 106)，フタルイミド (99)，p-置換アリール基 (100-102)，シクロプロパン (103)，シ
リルエーテル (104)，ジエチルアミド (105)，N-Boc ピペリジン (107) 等を許容し，良
好な収率でエノンを与えた．本反応条件は，末端アルケン単位を損なわずに進行した
(106)．またジメチルエチレン単位のみならず，シクロヘキシリデン単位 (108, 109) や
ジエチルエテニル単位 (110) を含んだ様々な三置換オレフィンをエノンへと変換した．
また本法はα-ピネン (44) やステロイド誘導体の基質 (113) にも適用可能であった．

























PhMe-MeCN, rt, 24 h
(temporary conditions)




62% 12% 8%AZADO+BF4–  (10 mol%)







17% 11% 8%LiBF4 (0 equiv.) 55%4
98
 56 






R =     OBz 88 : 70% / 2 h





64% / 2 h
TsN




60% / 2 h
53% / 2 h
R
N





R =       H 100 : 46% / 2 h
MeO 101 : 50% / 2 h





68% / 4 h




0% / 2 h
CO2Et






























54% / 2 hb
































































すなわち，基質としてシクロヘキセン 116を用い，5-F-AZADO (10) より導いたオキソ




エン 117が 48%の収率で予期せず得られたのである (Scheme 3-1)． 
Scheme 3-1: Unexpected 1,3-cyclohexadiene formation 
	 著者はこの予想外の反応に興味を持ち，さらなる最適化検討を行った．TLC による



































Table 3-1: Effect of base 








































6 h <12% trace
6 h trace trace
4
4 h 60% 24%
entry solvent time 117 118+119
MeCN
CH2Cl2
3.5 h 51% 9.8%
5
AcOH





































































6 Cl– 4 h 18% 6.9%






Table 3-3: Screening of oxoammonium salts 
 
	 しかしながら，本反応に最適なオキソアンモニウム塩である 5-F-AZADO+BF4–  (97) 
は，その合成工程の煩雑さから，量論量のオキソアンモニウム塩を用いる本反応には理
想的ではないと考えた．Scheme 3-2に 5-F-AZADO+BF4– (97) の合成スキームを示すが，
本経路は工程数の多さもさることながら，反応の厳密なコントロールが困難であること





	 合成に際して，5-F-AZADO+BF4– (97) の合成中間体である 122に着目した．この化合
物に対し，電子求引基 X の導入とアザアダマンタン環の閉環を一挙に行うことができ
れば，合成工程の大幅な短縮を見込むことができると考えた．この戦略のもと検討を行
い，その結果，2-azaadamantane の 4 位に塩素原子を有する 4-chloro-2-azaadamantane 
(4-Cl-AZADO, 126) ならびにこのオキソアンモニウム塩 4-Cl-AZADO+BF4– (63) を開発
した．4-Cl-AZADO+BF4– (63) は 2-azaadamantanone (120) より 6工程でグラムスケール
にて合成することが可能である  (Scheme 3-3)．さらに 4-Cl-AZADO+BF4– (63) は





MeCN (0.5 M), rt, time;
DBU (3 equiv.)
OBz




4 58% / 48 h2
3













<2% / 48 h
(1H-NMR yield)
60% / 6 h










Scheme 3-2: Synthetic route of 5-F-AZADO+BF4– (97) 
 
 











    EtOH
2. UHP, Na2WO4





















     0 °C, 79%
    
2. TFAA, Et3N































1. 10% Pd/C, H2
    c.HCl, CHCl3
2. UHP, Na2WO4
    MeOH






















Scheme 3-4: Reaction of cycohexene 116 with 4-Cl-AZADO+BF4– (63) 
 






















Table 3-4: Substrate scope  
4-Cl-AZADO+BF4– (63)
 (1.2 equiv.)
MeCN, ,rt, x h;
DBU (3.0 equiv.)
MeCN, rt,  y h



















(x = 13 (50 °C), y = 2)
134
94% (x = 19, y = 2)




(x = 24, y = 2)
136
66%
(x = 8, y = 2)
137
51%
(x = 1, y = 2)
138
56%
(x = 24, y = 4)
139
50%
(x = 1, y = 7)
140
86%
(x = 2, y = 2)
OBz
 (0.5 mmol)

































(x = 5, y = 2)
146
45%




(x = 48 (50 °C), y = 14)
n = 0




132 67% (x = 2, y = 4)
R' = OBz:                    117 64% (x = 4, y = 4)
OTBDPS:         128 64% (x = 2.5, y = 2)
O-cinnamoyl:      129 64% (x = 4, y = 4)
O-(CH2)4-N3: 130 64% (x = 2.5, y = 4.5)
n = 1
R"
H:   141 0% (x = 2, y = 1)






 Scheme 3-4: Dibromination-dehydrobromination sequence 
 
	 さらに本手法は官能基として，アジド (130)，フタルイミド (131)，カーバメート (132)，
スルホンアミド (133) を許容した．また， trans体，cis体両方の 4,5-二置換シクロヘキ
セン基質を 5,6-二置換-1,3-シクロヘキサジエンへと高収率で変換した (134,135)．この
結果は，総論 Scheme 0-19 で述べた臭素－脱臭化水素による手法では，位置異性体の
混合物としてシクロヘキサジエンが得られる結果とは対照的である．また 134に関して
はグラムスケールでの合成も可能であった．他にも二環性のもの (137, 138) や，基質
のアリル位に置換基を有するもの (139, 140) でも中程度〜良好な収率で反応が進行し
た．一方で，1位もしくは 1位と 2位にメチル基を有する基質では対応するジエン 141, 
142 は得られずに，アルコキシアミンのみが得られた (Scheme 3-5). 
	 続いて，様々な員数を有するシクロアルケン類への適用を試みた．本手法はシクロヘ









1. Br2 (1 equiv.)
    CH2Cl2, 0 °C, 1.5 h
2. DBU (2.5 equiv.)
    toluene, 90 °C, 12 h
    26% (129:129' = 1.4:1)
1. Br2 (1 equiv.)
    CH2Cl2, 0 °C, 1.5 h
2. tBuOK (2.2 equiv.)
    Aliquat 336®





















Scheme 3-5: Unsuccessful results  
 
	 本反応の有機合成化学的有用性を示す目的で，得られたシクロヘキサジエンを用いた









4-Cl-AZADO+BF4–  (63) 
(1.2 equiv.)
MeCN, rt, 2 h;
DBU (3 equiv.)











4-Cl-AZADO+BF4–  (63) 
(1.2 equiv.)
MeCN, rt, 1 h;
DBU (3 equiv.)

















MeCN, rt, 24 h;
DBU (3 equiv.)
rt, 2 h, 96%
4-Cl-AZADO+BF4– 
(63) (1.2 equiv.)
MeCN, rt, 72 h;
DBU (3 equiv.)

















Scheme 3-6: Functionalization of the obtained 1,3-cyclohexadiene; 


























    16 h, 84%
2. OsO4, NMO, citric acid
    tBuOH-H2O-THF, 
    45-55 °C, 7 h
3. 2,2-dimethoxypropane
    pTsOH•H2O, acetone



















    citric acid
    tBuOH-H2O-THF
    45 °C, 7.5 h
2. BzCl, Pyridine
    3 h, 77% for 2 steps
3. Mo(CO)6
    MeCN-H2O, reflux





























ミン 118, 119を塩基に曝した場合においても，ジエン 117への変換は進行せず，118, 119
が回収されるのみであった (Scheme 3-7)． 
 
 







った．すなわち，メソ体のシクロヘキセン 163と 5-F-AZADO+BF4– (97) を d3-アセトニ
トリル中混合し，反応溶液をそのまま 1H−NMR 測定に付した．得られた 1H-NMR スペ
クトルを Figure 3-1に示す．下のスペクトルから，原料 163，反応溶液 24 h後，DBU (3 
eq.) 添加後，ジエン 135，エン付加体 164を示した． 
	 Figure 3-1から，24 h後では原料のオレフィン部位のピーク (5.7 ppm) が消失し，新




するようになる  (例: 6.27 ppm (24 h) →  6.00 ppm (add DBU), 4.4~4.0 ppm (24 h) 










































































するアルコキシアミン 164の対応するメチンプロトンのピークの位置 (3.55, 3.48, 3.38, 














Figure 3-2: Prediction of the highly polar intermediate 
 
	 この仮説を立証するために，この N-ヒドロキシアンモニウム種 165 と推定される化
合物の単離を試みたが，極性の高さ，ならびに不安定性により，単一化合物としての単
離には至っていない．そこで，間接的にこの生成を確認することとした．すなわち，基
























Scheme 3-8: Identification of amine 166 and  
oxidative conversion of 166 into diene 135 
 
	 以上の検討から本反応は，N-ヒドロキシアンモニウム種 165を経由して進行している
ものと推測した．これを踏まえた本反応の推定反応機構を Figure 3-3に示す． 
	 まず初めに，基質 A とアザアダマンタン型オキソアンモニウム塩が，エン型の付加







基が脱プロトン化され，生じた N-オキシド Dが Cope脱離反応を起こすことにより，シ




キソアンモニウム塩の回収実験を Scheme 3-9に示した．基質 167を用いた場合は，ジ
エン 134を 95％収率にて得ると同時に，用いた 4-Cl-AZADO+BF4– (63) をヒドロキシル





































ミン 168は，再酸化により定量的に 4-Cl-AZADO+BF4– (63) に変換することができた． 
 
 





















































































	 まずは，当研究室で開発されたアルコール空気酸化システム 5-F-AZADO (10) 
/NaNO2/AcOH/air/rt について，未解明であった触媒に導入したフッ素原子の効果を明ら









	 AZADO (6) を用いた場合に見られた反応の急激な減速の原因を精査した結果，本反
応系にて副生する水が AZADO (6) の失活を引き起こしていることを強く示唆する結果
を得た．AZADO (6) の 5位に導入したヘテロ原子は，その電子求引効果により水によ
り引き起こされる触媒の失活を抑制していると考えられる（第一章第二節，第三節）．
	 さらに著者は，アザアダマンタン骨格内に導入したヘテロ原子が本反応に与える影響
について精査するために，3種の AZADO誘導体 Oxa-AZADO (21), TsN-AZADO (22), 
DiAZADO (23) を設計・合成し，その本反応条件における活性を比較した．その結果，
これらの触媒は 5-F-AZADO (10)と同等の空気酸化触媒活性を示した．よって，アザア

















塩として 4-Cl-AZADO+BF4– (63) を開発した（第三章第一節）． 










General experimental procedures: 
  All reactions were carried out under an argon atmosphere with dehydrated solvents under 
anhydrous conditions, unless otherwise noted. Dehydrated THF and CH2Cl2 were purchased 
from Kanto Chemical Co., Inc. Other solvents except for AcOH were dehydrated and distilled 
according to standard protocols. Yields refer to chromatographically and spectroscopically 
(1H-NMR) homogeneous materials unless otherwise stated. Reagents were obtained from 
commercial suppliers and used without further purification, unless otherwise noted.  
  Reactions were monitored by thin-layer chromatography (TLC) carried out on 0.25 mm 
Merck silica gel plates (60F-254) using UV light as visualizing agent, p-anisaldehyde in 
ethanol/aqueous H2SO4/AcOH, phosphomolybdic acid in ethanol and nynhydrin in 
AcOH/n-BuOH for staining.  
  Column chromatography was performed using Silica Gel 60N (spherical, particle size 
0.063-0.210 mm, neutral, KANTO CHEMICAL CO., INC.), Silica Gel 60N (spherical, particle 
size 0.040-0.050 mm, neutral, KANTO CHEMICAL CO., INC.) or CHROMATOREX®-NH 
(spherical, particle size 0.040-0.075 mm or 0.075-0.200 mm, basic, FUJI SILYSIA 
CHEMICAL LTD.). The eluents employed are reported as volume: volume percentages. Gel 
permeation chromatography (GPC) was performed on a JAI LC-908 equipped with JAIGEL-2H 
using CHCl3 as an eluent.  
 Melting points (mp) were taken with Yazawa BY-2 and are reported uncorrected. In 
parentheses after melting point, the recrystallization solvents are shown. Proton nuclear 
magnetic resonance (1H-NMR) spectra were recorded using a JEOL JMN-AL400 (400 MHz), a 
JEOL ECA-600 (600 MHz) and a JEOL ECA-700 (700 MHz) spectrometers.. Chemical shift 
(δ) is reported in parts per million (ppm) downfield relative to tetramethylsilane (TMS, 0.00 
ppm). Coupling constants (J) are reported in Hz. Multiplicities are reported using the following 
abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; quint, quintet; m, multiplet; br s, broad 
singlet; br d, broad doublet; dd, double doublet; dt, double triplet; td, triple doublet; dq, double 
quartet; sept, septet. Carbon-13 nuclear magnetic resonance (13C-NMR) spectra were recorded 
using a JEOL JMN-AL400 (100MHz), a JEOL ECA-600 (150 MHz) and a JEOL ECA-700 
(175 MHz) spectrometers. Chemical shift is reported in ppm relative to the center line of the 
 76 
triplet of CDCl3 (77.0 ppm). Infrared spectra (IR) were obtained on a JASCO FT-IR-410 at 4.0 
cm-1 resolution and are reported in wavenumbers. Low resolution mass spectra (MS) were 
recorded on JEOL JMS-DX303 or JMS-700. High resolution mass spectra (HRMS) were 
recorded on a JMS-AX500, JMS-700 or Thermo Scientific Exactive Mass Spectrometers using 
electron impact (EI), fast atom bombardment (FAB) and electrospray ionization (ESI), 
respectively. Elemental analyses were performed using Yanaco CHN CORDER MT-6. HPLC 
was performed by Gilson Model 305 as a pump and Gilson Model 112 as an UV/Vis detector at 
254 nm. Gas chromatography (GC) was performed on an Agilent 7890A GC system. 
<Chapter 1> 
• Section 1
Synthesis of 5,7-DiF-AZADO (20) 
Scheme E-1. Synthesis of 5,7-DiF-AZADO (20) 
N-Trifluoroacetyl-5-fluoro-7-hydroxy-2-azaadamantane (E1) 
 To a solution of N-trifluoroacetyl-5-fluoro-2-azaadamantane (125, 300 mg, 1.19 mmol) in 
CCl4 (720 µL), MeCN (1.1 mL) and H2O (1.1 mL) were added NaIO4 (712 mg, 3.33 mmol) and 
RuCl3·nH2O (25.0 mg, 119 µmol) at room temperature. The mixture was vigorously stirred for 
44 h at 70 °C. The reaction was quenched with sat. NaHCO3 and 20% Na2S2O3 and the mixture 
was extracted with AcOEt (3 times). The organic layer was washed with brine, dried over 
MgSO4 and evaporated. The residue was purified with flash column chromatography (AcOEt : 
hexane = 1 : 2) to afford N-trifluoroacetyl-5-fluoro-7-hydroxy-2-azaadamantane (E1, 48 mg, 
0.180 mmol, 15%, 100% brsm) as a white solid accompanied with recovered 





















1. 10% NaOH, EtOH
 rt, 1.5 h
2. UHP, Na2WO4·2H2O








colorless crystals: mp 118 °C (CHCl3 – Et2O).  1H-NMR (400 MHz, CDCl3): δ 5.14 (br s, 1H), 
4.60 (br s, 1H), 2.10–2.09 (m, 2H), 2.01–1.90 (m, 4H), 1.80 (d, J = 9.6 Hz, 4H) 1.60 (br s, 1H).  
13C-NMR (100 MHz, CDCl3): δ 154.1 (q, J = 36.3 Hz), 116.3 (q, J = 290 Hz), 92.0, 90.0, 69.6 
(d, J = 11.5 Hz), 51.4 (sept, J = 4.2 Hz), 48.5 (d, J = 14.8 Hz), 42.3, 41.5, 40.2 (d, J = 19.8 Hz), 
39.4 (d, J = 19.8 Hz).  IR (neat, cm-1): 3424, 1686, 1460, 1225, 1193, 1128.  MS m/z: 267 
(M+), 267 (100%).  HRMS (EI): Calcd. for C11H13F4NO2: 267.0882 (M+), found: 267.0884. 
 
N-Trifluoroacetyl-5,7-difluoro-2-azaadamantane (E2) 
 To a solution of N-trifluoroacetyl-5-fluoro-7-hydroxy-2-azaadamantane (E1, 87.0 mg, 326 
µmol) in CH2Cl2 (540 µL) was added N,N-diethylaminosulfur trifluoride (DAST, 86.0 µL, 652 
µmol) at –78 °C. The reaction mixture was stirred for 50 min at 0 °C. The mixture was diluted 
with Et2O and H2O. The mixture was extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 8) to afford 
N-trifluoroacetyl-5,7-difluoro-2-azaadamantane (E2, 53.0 mg, 197 µmol, 60%) as a white solid. 
colorless crystals: mp 84–85 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 5.20 (br s, 1H), 4.65 
(br s, 1H), 2.28 (m, 2H), 1.99–1.96 (m, 8H) .  13C-NMR (100 MHz, CDCl3): δ 154.0 (q, J = 
36.2 Hz), 116.3 (q, J = 286.5 Hz), 92.1 (d, J = 13.2 Hz), 90.2 (d, J = 13.2 Hz), 51.1 (m), 48.3 (t, 
J = 11.5 Hz), 46.4 (t, J = 18.9 Hz), 40.2 (m), 39.4 (m).  IR (neat, cm-1): 1693, 1458, 1233, 1190, 
1115, 752.  MS m/z: 269 (M+), 200 (100%). HRMS (EI): Calcd. for C11H12F5NO: 269.0839 
(M+), found: 269.0840. 
 
5,7-Difluoro-2-azaadamantane N-oxyl (5,7-DiF-AZADO, 20) 
 To a solution of N-trifluoroacetyl-5,7-difluoro-2-azaadamantane (E2, 53.0 mg, 197 µmol) in 
EtOH (1.2 mL) was added 10% aq. NaOH (600 µL) at room temperature. The reaction mixture 
was stirred at the same temperature for 1.5 h. The mixture was diluted with H2O and extracted 
with CHCl3. The organic layer was dried over K2CO3 and evaporated. The residue was used in 
the next reaction without further purification. Na2WO4·2H2O (33.0 mg, 98.5 µmol) was added at 
room temperature to a solution of the residue in MeOH (600 µL). The mixture was stirred at at 
the same temperature for 40 min. UHP (74.6 mg, 788 µmol) was added at the same temperature 
to the mixture. The mixture was stirred at room temperature for 80 min. Additional UHP (19.2 




same temperature for 1 h. The mixture was diluted with sat. aq. NaHCO3 and concentrated 
under reduced pressure in order to remove MeOH. The aqueous solution was extracted with 
CHCl3. The organic layer was dried over K2CO3 and evaporated. The residue was purified with 
flash column chromatography (Et2O : hexane = 1 : 1) to afford 5,7-difluoro-2-azaadamantane 
N-oxyl (5,7-DiF-AZADO 20, 25.2 mg, 133 µmol, 68% for 2 steps) as a yellow solid. 
yellow plates: mp 153–154 °C (CHCl3).  IR (neat, cm-1): 1442, 1310, 1253, 1108.  MS m/z: 
188 (M+), 188 (100%).  HRMS (EI): Calcd. for C9H12F2NO: 188.0887 (M+), found: 188.0892.  
Anal.: Calcd. for C9H12F2NO: C, 57.44; H, 6.43; N, 7.44, found: C, 57.33; H, 6.31; N, 7.41. 
 
General procedure for aerobic oxidation 
SchemeE-2. Aerobic oxidation of l-menthol (16) 
 
 To a solution of l-menthol (16, 150 mg, 961 µmol) and AZADO (6, 1.44 mg, 9.68 µmol) in 
AcOH (961 µL) was added NaNO2 (6.63 mg, 96.8 µmol) at room temperature. The mixture was 
stirred at the same temperature under air atmosphere (balloon). The conversion of the reaction 
was monitored directly by GC analysis without any prior work-up.  
Conditions for GC analysis were determines as follows:  
Sample: 5 µL of the reaction mixture in 1 mL of acetone.  Column: HP-5 (30 m x 0.32 mm, 
0.25 µm).  FID detector: 270 °C.  Injection: 250 °C.  Carrier gas: Helium, 3.0 mL/min.  
Column temperature: l-menthol (16) 70 °C for 2 min, raising 140 °C in a rate of 10 °C/min, 
then 140 °C for 1 min or 70 °C for 2 min, raising 210 °C in a rate of 20 °C/min, then 210 °C for 
1 min.  4-phenyl-2-butanol (64) 70 °C for 2 min, raising 280 °C in a rate of 30 °C/min, then 
280 °C for 1 min.  2-octanol (65) 50 °C for 2 min, raising 70 °C in a rate of 5 °C/min, then 
70 °C for 1 min, raising 130 °C in a rate of 30 °C/min, then 130 °C for 1 min. 
 
• Section 2 
Evaluation of the effect of co-product (Figure 1-9, 1-10) 
 To a solution of l-menthol (16, 150 mg, 961 µmol), AZADO (6, 1.44 mg, 9.68 µmol) and 70% 
HNO3 or H2O in AcOH (961 µL) was added NaNO2 (6.63 mg, 96.8 µmol) at room temperature. 
The mixture was stirred at the same temperature under air atmosphere (balloon). The conversion 
OH AZADO derivative (1 mol%)NaNO2 (10 mol%)




of the reaction was monitored directly by GC analysis without any prior work-up. 
 The detail of the amount of added 70% HNO3 and H2O are shown below. 
70% HNO3: 60 µL (961 µmol, 1 equiv.), 6.0 µL (96 µmol, 10 mol%), 0.60 µL (9.6 µmol, 1 
mol%, 10 µL of a solution of 70% HNO3 (6.0 µL) in AcOH (100 µL)). 
H2O: 173 µL (9.61 mmol, 10 equiv.), 87 µL (4.8 mmol, 5 equiv.), 17 µL (961 µmol, 1 equiv.) 
Large-scale aerobic oxidation for isolation of AZADO-derived products (Scheme 1-1) 
  To a solution 2-octanol (65, 2.57 g, 19.7 mmol) and AZADO (6, 30.0 mg, 197 µmol) in 
AcOH (20 mL) in a 1 L recovery flask was added NaNO2 (136 mg, 1.97 mmol) at room 
temperature. The mixture was stirred at the same temperature under air atmosphere (balloon) for 
9 h. The mixture was concentrated under reduced pressure to remove AcOH, 2-octanol and 
2-octanone (50 °C, 100 Pa). The residue was diluted with AcOEt and sat. NaHCO3 aq. and 
extracted with AcOEt (3 times). The organic layer was dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (AcOEt : hexane = 1:8 to CHCl3 : MeOH = 
4:1) to afford a mixture of alkoxyamine 68 and 69 (20.8 mg, 74.4 µmol, 38%, 68:69 = 4:1) as a 
colorless oil and several unidentified products (total 9.72 mg). (In this experiment, AZADO (6) 
and/or AZADOL (98) were not recovered.)  
3-((2-azaadamantan-2-yl)-oxy)-octan-2-one (68, major product): 1H-NMR (700 MHz, CDCl3): 
δ 3.99 (s, 1H), 3.36 (s, 1H), 3.29 (s, 1H), 2.41 (d, J = 13.7 Hz, 1H), 2.34 (d, J = 13.7 Hz, 1H), 
2.15 (s, 3H), 1.92 (s, 1H), 1.84 (s, 1H), 1.86-1.75 (m, 6H), 1.61-1.26 (m, 8H), 1.38 (t, J = 13.3 
Hz, 2H), 0.88 (t, J = 7.0 Hz, 3H).  13C-NMR (175 MHz, CDCl3): δ 212.4, 85.5, 55.5, 52.6, 36.6, 
31.6, 30.7, 30.2, 26.5, 26.2, 25.3, 22.5, 14.0.   
1-((2-azaadamantan-2-yl)-oxy)-octan-2-one (69, minor product; only assignable signal was 
given): 1H NMR (700 MHz, CDCl3): δ 4.23 (s, 2H), 3.40 (s, 2H), 2.48 (t, J = 7.7 Hz, 2H).  13C 
NMR (175 MHz, CDCl3): δ 210.4, 76.8, 54.4, 39.2, 29.0, 23.3. 
























C17H29NO2: 279.2198 (M+), found: 279.2200. 
 
Electrochemical measurement 
  The cyclic voltammograms were measured on an ALS1200A electrochemical analyzer (BAS 
Inc., model 1202A) with a conventional three-electrode configuration at room temperature 
(approximately 23 °C). MeCN solution of nitroxyl radicals (1 mM) were used throughout the 
cyclic voltammetric measurements. Glassy carbon (BAS, 3 mm diameter), platinum wire, and 
Ag/Ag+ (BAS, RE-7) were used as working, auxiliary, and reference electrodes, respectively. 
Electric potential values reported herein referred to this reference electrode. NaClO4 (0.2 M) 
was used as supporting electrolyte. 
  The E°’ values of AZADOs were calculated by (Epa + Epc) / 2 (Epa and Epc denote anodic and 
cathodic peak potentials, respectively).  
 
• Section 4 




N-p-Toluenesulfonyl -9-azabicyclo[3.3.1]nonan-3-one (71) 
  To a solution of acetonedicarboxylic acid (70, 8.00 g, 54.8 mmol) in H2O (200 mL) was 
added 25% NH3 (H2O solution, 19 mL, 270 mmol) over 15 min at 0 °C. Glutaraldehyde  (50% 
H2O solution, 10 mL, 55 mmol) was added slowly (1 drop/ 4-5 sec.) to the mixture at the same 
temperature. After being stirred for 24 h at room temperature, the mixture was freeze-dried to 















    28% NH3 aq., H2O
    rt, 24 h
2. TsCl, Na2CO3
    CH2Cl2-H2O (1:1)








0 ºC, 1 h
70%
1. Red-Al®
     toluene, reflux, 1.5 h
2. UHP, Na2WO4·2H2O
    MeCN, 2 h








solution of TsCl (12.5 g, 65.8 mmol) in CH2Cl2 (31 mL) was added to a suspension of the 
orange solid and Na2CO3 (19.0 g, 178 mmol) in CH2Cl2 (31 mL)-H2O (62 mL) dropwise at 0 °C. 
The reaction mixture was stirred at room temperature for 4 h. The mixture was diluted with H2O 
(100 mL). After separation of the organic layer, the aqueous layer was extracted with AcOEt 
(twice). The organic extracts were combined, dried over MgSO4 and evaporated. The residue 
was purified with column chromatography (AcOEt : hexane = 1 : 4) to afford 
N-p-toluenesulfonyl -9-azabicyclo[3.3.1]nonan-3-one (71, 5.8 g, 19.8 mmol, 36% for 2 steps) as 
a white solid. 
colorless crystals: mp 139 °C (CHCl3-hexane).  1H-NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.0 
Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 4.50 (s, 2H), 2.71 (dd, J = 6.8, 17.2 Hz, 2H), 2.43 (s, 3H), 
2.35 (d, J = 16.8 Hz, 2H), 1.79–1.46 (m, 6H).  13C-NMR (100 MHz, CDCl3): δ 207.9, 143.6, 
137.8, 129.8, 126.9, 49.6, 45.4, 30.4, 21.5, 15.8.  IR (neat, cm-1): 1707, 1351, 1161, 1090.  




  To a suspension of LiAlH4 (194 mg, 5.12 mmol) in THF (25 mL) was added 
N-p-toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-one (71, 1.00 g, 3.41 mmol) slowly at 0 °C. 
The reaction mixture was stirred at room temperature for 3 h. The reaction was quenched with 
AcOEt and sat. aq. potassium sodium tartrate was added to the mixture. The biphasic solution 
was stirred vigorously at room temperature for 30 min. The mixture was extracted with AcOEt 
(3 times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (AcOEt : hexane = 1 : 2) to afford 
N-p-toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-ol (72, 719 mg, 2.44 mmol, 71%) as a white 
solid. 
colorless crystals: mp 99–100 °C (CHCl3-hexane),  1H-NMR (400 MHz, CDCl3): δ 7.70 (d, J = 
7.8 Hz, 2H), 7.27 (d, J = 7.8 Hz, 2H), 4.25 (d, J = 10.4 Hz, 2H), 3.72 (m, 1H), 2.42 (s, 3H), 
2.40–2.23 (m, 2H), 2.15–2.08 (m, 1H), 1.62–1.31 (m, 8H).  13C-NMR (100 MHz, CDCl3): δ 
142.8, 138.9, 129.6, 126.7, 63.6, 47.1, 34.6, 30.3, 21.4, 13.7.  IR (neat, cm-1): 3510, 1335, 1312, 





 To a suspension of N-p-tolueneulfonyl-9-azabicyclo[3.3.1]nonan-3-ol (72, 560 mg, 1.90 
mmol) and I2 (723 mg, 2.85 mmol) in cyclohexane (14 mL) was added PhI(OAc)2 (950 mg, 2.95 
mmol) at room temperature. The mixture was stirred with irradiation (light source: Panasonic® 
L100V100W filament lamp) at 0 °C for 1 h. The reaction was quenched with sat. aq. NaHCO3 
and 20% aq. Na2S2O3. The mixture was extracted with Et2O (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with column 
chromatography (AcOEt : hexane = 1 : 4) to afford N-p-toluenesulfonyl-6-oxa-2-azaadamantane 
(73, 389 mg, 1.33 mmol, 70%) as a white solid and 
N-p-toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-one (71, 47.5 mg, 160 µmol, 8.5%) as a white 
solid. 
colorless crystals: mp 152–153 °C (AcOEt),  1H-NMR (400 MHz, CDCl3): δ 7.74 (d, J = 8.4 
Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 4.30 (s, 2H), 4.10 (s, 2H), 2.42 (s, 3H), 1.98 (d, J = 12.6 Hz, 
4H), 1.75 (d, J = 12.6 Hz, 4H).  13C-NMR (100 MHz, CDCl3): δ 143.2, 138.3, 129.7, 127.0, 
66.3, 47.2, 33.9, 21.5.  IR (neat, cm-1): 1345, 1165.  MS m/z: 293 (M+), 293 (100%).  HRMS 
(EI): Calcd. for C15H19NO3S: 293.1086 (M+), found: 293.1083. 
2-Aza-6-oxaadamantane N-oxyl (Oxa-AZADO, 21) 
  To a solution of N-p-toluenesulfonyl-2-aza-6-oxaadamantane (73, 200 mg, 682 µmol) in 
toluene (1.5 mL) was added Red-Al® (70% toluene solution, 950 µL, 3.4 mmol) dropwise at 
0 °C. The mixture was refluxed for 1.5 h. After being cooled to room temperature, the mixture 
was diluted with Et2O and H2O. The mixture was filtered through Celite®. The filtrate was 
acidified with 10% aq. HCl and washed with Et2O (once). The aqueous layer was basified with 
10% aq. NaOH and extracted with CHCl3. The organic layer was dried over K2CO3 and 
evaporated. The residue was used in the next reaction without further purification. 
Na2WO4·2H2O (112 mg, 341 µmol) was added to a solution of the residue in MeCN (3.4 mL) at 
ambient temperature. The mixture was stirred at the same temperature for 20 min. UHP (256 
mg, 2.73 mmol) was added to the solution at room temperature. The mixture was stirred for 2 h 
at the same temperature. The mixture was diluted with sat. aq. NaHCO3 and extracted with 
CHCl3. The organic layer was dried over K2CO3 and evaporated. The residue was purified with 
flash column chromatography (AcOEt : hexane = 1 : 1) to afford 2-aza-6-oxaadamantane 




yellow crystals: mp 115–116 °C (hexane, dec, color change from yellow to red at 70 °C),  IR 
(neat, cm-1): 1442, 1338, 1284, 1057.  MS m/z: 154 (M+), 154 (100%).  HRMS (EI): Calcd. 
for C8H12NO2: 154.0868 (M+), found: 154.0858.  Anal.: Calcd. for C8H12NO2: C, 62.32; H, 
7.84; N, 9.08, found: C, 62.14; H, 7.83; N, 8.96. 
 




N-p-Toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-one oxime (74) 
  To a solution of N-p-toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-one (71, 15 g, 51.2 mmol) 
and pyridine (17 mL, 205 mmol) in EtOH (85 mL) was added NH2OH·HCl (11 g, 154 mmol) at 
ambient temperature. The mixture was stirred at 60 °C for 10 h. After being cooled to room 
temperature, the mixture was concentrated under reduced pressure. H2O was added to the 
residue and the mixture was extracted with AcOEt. The organic layer was washed with brine, 
dried over MgSO4 and evaporated. The residue was purified with column chromatography 
(AcOEt : hexane = 1 : 1) to afford N-p-toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-one oxime 
(74, 16 g, 50.3 mmol, 98%) as a white solid. 
colorless crystals: mp 149–150 °C (AcOEt),  1H-NMR (400 MHz, CDCl3): δ 9.16 (br s, 1H), 
7.75 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 4.32 (br s, 2H), 3.14 (d, J = 16.0 Hz, 1H), 
2.58 (dd, J = 5.6, 15.4 Hz, 1H), 2.41 (s, 3H), 2.35 (d, J = 15.4 Hz, 1H), 2.21 (dd, J = 6.4, 16.0 
Hz, 1H), 1.78–1.46 (m, 6H).  13C-NMR (100 MHz, CDCl3): δ 157.1, 143.2, 138.2, 129.7, 
126.9, 48.7, 47.9, 35.1, 30.8, 29.9, 28.5, 21.4, 16.3.  IR (neat, cm-1): 3242, 1350, 1162.  MS 



























    reflux, 18 h
2. UHP, Na2WO4·2H2O
    MeCN, 3 h
O
DiAZADO (23)






  To a solution of N-p-toluenesulfonyl-9-azabicyclo[3.3.1]nonan-3-one oxime (74, 1.00 g, 3.25 
mmol) and in MeOH (16 mL) was added MoO3 (792 mg, 4.88 mmol) at room temperature. The 
mixture was stirred at room temperature for 30 min. NaBH4 (369 mg, 9.75 mmol) was added 
portionwise to the mixture at 0 °C. The mixture was stirred until the oxime was no longer 
detectable (ca. 1 h). Then, TsCl (3.11 g, 16.3 mmol) was added to the mixture at 0 °C. The 
mixture was stirred at the same temperature for 1 h. The mixture was filtered through Celite® 
and the filtrate was concentrated under reduced pressure. The residue was diluted with H2O and 
then extracted with AcOEt. The organic layer was washed with brine and dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (AcOEt : hexane = 1 : 1) to 
afford a N-[N’-p-toluenesulfonyl-9-azabicyclo[3.3.1]non-3-yl]-p-toluenesulfonamide 75 (1.18 g, 
2.63 mmol, 81%) as a white solid. 
colorless crystals: mp 146 °C (AcOEt – Hexane).  1H-NMR (400 MHz, CDCl3): δ 7.67 (d, J = 
8.4 Hz, 2H), 7.64 (d, J = 7.8 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 7.8 Hz, 2H), 4.39 (d, 
J = 8.4 Hz, 1H), 4.19 (br s, 1H), 4.16 (br s, 1H), 3.04 (double quintet, J = 18.0, 6.8 Hz, 1H), 
2.44 (s, 6H), 2.15 (td, J = 10.2, 6.0 Hz, 2H), 1.82 (m, 1H), 1.51–1.42 (m, 3H), 1.30 (dd, J = 2.4, 
16.4 Hz, 2H), 1.15 (m, 2H).  13C-NMR (100 MHz, CDCl3): δ 143.3, 143.0, 138.6, 137.9, 129.7, 
129.6, 126.8, 126.6, 46.9, 45.9, 32.7, 30.3, 21.5, 14.1.  IR (neat, cm-1): 3279, 1331, 1162.  MS 




  To a solution of N-[N’-p-toluenesulfonyl-9-azabicyclo[3.3.1]non-3-yl]- p-toluenesulfonamide 
(75, 1.00 g, 2.23 mmol) and I2 (284 mg, 1.12 mmol) in 1,2-dichloromethane (15 mL), was 
added PhI(OAc)2 (1.08 g, 3.35 mmol) at room temperature. The mixture was stirred with 
irradiation (light source: Panasonic® L100V100W filament lamp) at 0 °C for 3 min. The 
reaction was quenched with sat. aq. NaHCO3 and 20% aq. Na2S2O3 and the mixture was 
extracted with AcOEt (3 times). The organic layer was washed with brine, dried over MgSO4 
and evaporated. The residue recrystallized from CH2Cl2-MeOH (1 : 1) to give 
N,N’-di-p-toluenesulfonyl-2,6-diazaadamantane (76, 630 mg, 1.41 mmol, 63%) as a colorless 
needles.  




8.4 Hz, 4H), 7.27 (d, J = 8.4 Hz, 4H), 4.20 (s, 4H), 2.41 (s, 6H), 1.74 (m, 8H).  13C-NMR (100 
MHz, CDCl3): δ 143.4, 138.0, 129.8, 126.9, 47.0, 33.0, 21.5.  IR (neat, cm-1): 1341, 1166.  
MS m/z: 446 (M+), 446 (100%).  HRMS (EI): Calcd. for C22H26N2O4S2: 446.1334, found: 
446.1320. 
 
2,6-Diazaadamantane N,N’-dioxyl (DiAZADO, 23) 
  To a solution of N,N’-di-p-toluenesulfonyl-2,6-diazaadamantane (76, 1.00 g, 2.24 mmol) in 
toluene (5.0 mL) was added Red-Al® (70% toluene solution, 6.2 mL, 22 mmol) dropwise at 
0 °C. The mixture was refluxed for 18 hr. After being cooled to room temperature, the mixture 
was diluted with Et2O and treated with H2O. The mixture was filtered through Celite®. The 
filtrate was acidified with 10% aq. HCl and washed with Et2O (once). The aqueous layer was 
basified with 10% aq. NaOH and extracted with CHCl3. The organic layer was dried over 
K2CO3 and evaporated. The residue was used in the next reaction without further purification. 
Na2WO4·2H2O (369 mg, 1.12 mmol) was added to a solution of the residue in MeCN (11 mL) 
at room temperature. The mixture was stirred at the same temperature for 30 min. UHP (1.69 g, 
17.9 mmol) was added to the solution at room temperature. The mixture was stirred for 2 h at 
the same temperature. Additional UHP (422 mg, 4.48 mmol) was added to the solution at room 
temperature. The mixture was stirred for another 1 h at the same temperature. The mixture was 
diluted with sat. aq. NaHCO3 and extracted with CHCl3. The organic layer was dried over 
K2CO3 and evaporated. The residue was recrystallized from CHCl3 to give 2,6-diazaadamantane 
N,N’-dioxyl (DiAZADO 23, 146 mg, 869 µmol, 39% for 2 steps) as a bright yellow needle. The 
mother liquor was purified with column chromatography  (CHROMATOREX®-NH, CHCl3 : 
hexane = 2 : 3) to afford 2,6-diazaadamantane-N,N’-dioxyl  (19.0 mg, 113 µmol, 5% for 2 
steps) as a yellow solid. 
light yellow needles: mp > 300 °C (dec) (CHCl3),  IR (neat, cm-1): 1425, 1143.  MS m/z: 168 
(M+), 168 (100%).  HRMS (EI): Calcd. for C8H12N2O2: 168.0899, found: 168.0891.  Anal.: 









  To a solution of N,N’-di-p-toluenesulfonyl-2,6-diazaadamantane (76, 2.00 g, 4.48 mmol) in 
toluene (10 mL) was added Red-Al® (70% toluene solution, 10 mL, 36 mmol) dropwise at 0 °C. 
The mixture was refluxed for 1 h. After being cooled to room temperature, the mixture was 
diluted with Et2O and treated with H2O. The mixture was filtered through Celite®. The filtrate 
was acidified with 10% aq. HCl and washed with Et2O (once). The aqueous layer was basified 
with 10% aq. NaOH and extracted with CHCl3. The organic layer was dried over K2CO3 and 
evaporated. The residue was used in the next reaction without further purification. 
Na2WO4·2H2O (739 mg, 2.24 mmol) was added to a solution of the residue in MeCN (22 mL) 
at room temperature. The mixture was stirred at the same temperature for 30 min. UHP (3.36 g, 
35.8 mmol) was added to the solution at room temperature. The mixture was stirred for 4 h at 
the same temperature. Additional UHP (842 mg, 8.96 mmol) was added to the solution at room 
temperature. The mixture was stirred for another 1.5 h at the same temperature. The mixture 
was diluted with sat. aq. NaHCO3 and extracted with CHCl3. The organic layer was dried over 
K2CO3 and evaporated. The residue was purified with column chromatography  
(CHROMATOREX®-NH, CHCl3 : hexane = 2 : 3) to afford 
N-p-toluenesulfonyl-2,6-diazaadamanatne N’-oxyl (TsN-AZADO 22, 223 mg, 726 µmol, 16% 
for 2 steps) as a light yellow solid and 2,6-diazaadamantane-N,N’-dioxyl (DiAZADO 28, 79.0 
mg, 470 µmol, 10% for 2 steps) as a yellow solid. 
light yellow solid: mp 173 °C (CHCl3-hexane),  IR (neat, cm-1): 1343, 1161, 686.  MS m/z: 
307 (M+, 100%).  HRMS (EI): Calcd. for C15H19N2O3S: 307.1116, found: 307.1098.  Anal.: 
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General procedure for aerobic alcohol oxidation  
Scheme E-3: Aerobic oxidation of 4-methoxybenzyl alcohol (11) 
 
  To a solution of 4-methoxybenzylalcohol (11, 181 mg, 1.31 mmol) and Oxa-AZADO (21, 
2.02 mg, 13.1 µmol) in AcOH (1.3 mL) was added NaNO2 (9.04 mg, 0.131 mmol) at ambient 
temperature. The mixture was stirred at the same temperature under air atmosphere (balloon) for 
3 h. The reaction mixture was diluted with Et2O and treated with sat. aq. NaHCO3 and 20% aq. 
Na2S2O3. The mixture was extracted with Et2O. The organic layer was washed with brine, dried 
over MgSO4 and evaporated. The residue was purified with flash column chromatography 
(Et2O : hexane = 1 : 4) to afford 4-methoxybenzaldehyde (11’, 169 mg, 1.24 mmol, 93%) as a 
light-yellow oil. 
 
Preparation of substrates 
  l-Menthol (16), 4-phenyl-2-butanol (64), 2-octanol (65), 4-methoxy benzylalcohol (11), 
(–)-borneol (12), 2,2-dimethyl-1-phenyl-1-propanol (78), 2,2-dimethyl-3-octanol (79), 
4-phenyl-1-butanol (80) and cinnamyl alcohol (81) were purchased from commercial supplier. 
  2-Phenyl-1-cyclohexanol (77)68, trans-2-benzoyloxy-1-cyclohexanol (82)69, N-carbo- 
benzoxy-4-amino-1-cyclohexanol (83)70, 1,2:3,4-di-O-isoproliridene-D-fructopyranose (13)71, 
5-O-tert-butyldimethylsilyl-1,2-O-isopropylidene-α-D-xylofuranose (84)72, 
2’,5’-bis-O-(tert-butyldimethylsilyl)-β-D-adenosine (14)73 and N-carbobenzoxy-prolinol (15)74 
were prepared according to previous literature. 
 
Analytical data of substrates and products  
 
4-Methoxybezaldehyde (11’) (Table 1-3, Entry 1)  
yellow oil, 1H-NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 7.84 (d, J = 8.4 Hz, 
2H), 7.01 (d, J = 8.4 Hz, 2H), 3.89 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ 
190.7, 164.6, 131.9, 129.9, 114.2, 55.5. IR (neat, cm-1) 1683. MS m/z 136 (M+), 135 (100%). 
















(–)-Camphor (12’) (Table 1-3, Entry 2)  
colorless crystals; mp 160 °C (sublimation at 130 °C). 1H-NMR (400 MHz, 
CDCl3) δ 2.38–2.32 (m, 1H), 2.09 (t, J = 4.5 Hz, 1H), 1.99–1.91 (m, 1H), 1.84 (d, 
J = 18.3 Hz, 1H), 1.72–1.65 (m, 1H), 1.44–1.26 (m, 2H), 0.96 (s, 3H), 0.91 (s, 3H), 0.84 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ 219.5, 57.7, 46.8, 43.3, 43.1, 29.9, 27.0, 19.8, 19.1, 9.2. IR (neat, 
cm-1) 1739. MS m/z 152 (M＋), 149 (100%); HRMS (EI) Calcd. for C10H16O: 152.1201, found: 
152.1189. 
 
2-Phenyl-1-cyclohexan-1-one (77’) (Table 1-3, Entry 3)  
colorless crystals; mp 60 °C (hexane). 1H-NMR (400 MHz, CDCl3) δ 7.35–7.11 (m, 
5H), 3.62 (dd, J = 12.3, 4.9 Hz, 1H), 2.56–2.45 (m, 2H), 2.30–2.23 (m, 2H), 2.05–
2.00 (m, 2H), 1.82 (m, 2H). 13C-NMR (100 MHz, CDCl3) δ 210.2, 138.7, 128.5, 128.3, 126.8, 
57.3, 42.1, 35.0, 27.7, 25.2. IR (neat, cm-1) 1698. MS m/z 174 (M＋), 174 (100%); HRMS (EI) 
Calcd. for C12H14O: 174.1045, found: 174.1033. 
 
2,2-Dimethyl-1-phenyl-propan-1-one (78’) (Table 1-3, Entry 4)  
yellow oil, 1H-NMR (400 MHz, CDCl3) δ 7.68 (d, J = 7.3 Hz, 2H), 7.47–7.37 (m, 
3H), 1.35 (s, 9H). 13C-NMR (100 MHz, CDCl3) δ 209.1, 138.6, 130.7, 129.9, 127.7, 
44.1, 27.9. IR (neat, cm-1) 1676. MS m/z 162 (M＋), 105 (100%); HRMS (EI) Calcd. for 
C11H14O: 162.1045, found: 162.1057. 
 
2,2-Dimethyl-octane-2-one (79’) (Table 1-3, Entry 5)  
yellow oil, 1H-NMR (400 MHz, CDCl3) δ 2.47 (t, J = 7.2 Hz, 2H), 1.55 (m, 
2H), 1.34–1.22 (m, 4H), 1.21 (s, 9H), 0.89 (t, J = 7.12 Hz, 3H). 13C-NMR (100 
MHz, CDCl3) δ 216.1, 44.1, 36.4, 31.5, 26.4, 23.6, 22.5, 13.9. IR (neat, cm-1) 1706. MS m/z 156 
(M＋), 99 (100%); HRMS (EI) Calcd. for C10H20O: 156.1514, found: 156.1510. 
 
4-Phenyl-1-butanal (80’) (Table 1-3, Entry 6)  
yellow oil, 1H-NMR (400 MHz, CDCl3) δ 9.76 (t, J = 1.6 Hz, 1H), 7.31–7.26 
(m, 2H), 7.22-7.17 (m, 3H), 2.66 (t, J = 7.6 Hz, 2H) 2.45 (td, J = 7.6, 1.6 Hz, 
2H), 1.97 (quint, J =7.6 Hz, 2H). 13C-NMR (100 MHz, CDCl3) δ 202.1, 141.2, 128.4, 126.0, 













C10H12O: 148.0888, found: 148.0880. 
 
trans-Cinnamaldehyde (81’) (Table 1-3, Entry 7)  
yellow oil, 1H-NMR (400 MHz, CDCl3) δ 9.72 (d, J = 7.7 Hz, 1H), 7.59–7.56 
(m, 2H), 7.49 (d, J = 15.9 Hz, 1H), 7.49–7.42 (m, 3H), 6.73 (dd, J = 15.9, 7.7 Hz, 1H). 
13C-NMR (100 MHz, CDCl3) δ 193.5, 152.6, 134.0, 131.2, 129.0, 128.5, 128.4. IR (neat, cm-1) 
1675. MS m/z 132 (M＋), 131 (100%); HRMS (EI) Calcd. for C9H8O: 132.0575, found: 
132.0564. 
 
2-Benzoyloxy cyclohexanone (82’) (Table 1-3, Entry 8)  
colorless crystals; mp 87 °C (hexane). 1H-NMR (400 MHz, CDCl3) δ 8.09 (d, J = 
7.5 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.42 (t, J = 7.5 Hz, 2H), 5.41 (dd, J = 11.8, 
6.3 Hz, 1H), 2.59–2.54 (m, 1H), 2.50–2.40 (m, 2H), 2.15–2.08 (m, 1H), 2.06–2.01 (m, 1H), 
1.93–1.83 (m, 2H), 1.74–1.66 (m, 1H). 13C-NMR (100 MHz, CDCl3) δ 204.2, 165.5, 133.1, 
129.8, 129.7, 128.3, 76.9, 40.7, 33.2, 27.2, 23.7. IR (neat, cm-1) 1731, 1708. MS m/z 218 (M＋), 
105 (100%); HRMS (EI) Calcd. for C13H14O3: 218.0943, found: 218.0949. 
 
4-Carbobenzyloxyaminocyclohexanone (83’) (Table 1-3, Entry 9)  
colorless plates; mp 84 °C (AcOEt-hexane). 1H-NMR (400 MHz, CDCl3) δ 
7.37–7.30 (m, 5H), 5.12 (s, 2H), 4.72 (br s, 1H), 3.99 (br s, 1H), 2.42–2.38 
(m, 4H), 2.28–2.24 (m, 2H), 1.74–1.65 (m, 2H). 13C-NMR (100 MHz, 
CDCl3) δ 209.5, 155.6, 136.3, 128.5, 128.2, 128.1, 66.8, 47.9, 38.8, 32.1. IR (neat, cm-1) 1717, 
1685, 1532. MS m/z 247 (M＋), 91 (100%); HRMS (EI) Calcd. for C14H17NO3: 247.1208, found: 
247.1172. 
 
1,2:4,5-Di-O-isopropylidene-β-D-erythro-2,3-hexadiulo-2,6-pyranose (13’) (Table 1-3, 
Entry 10)  
colorless crystals; mp 100 °C (CH2Cl2-hexane). 1H-NMR (400 MHz, 
CDCl3) δ 4.72 (d, J = 5.6 Hz, 1H), 4.61 (d, J = 9.5 Hz, 1H), 4.53 (br d, J 
= 4.0 Hz, 1H), 4.37 (dd, J = 13.7, 1.9 Hz, 1H), 4.12 (d, J = 13.4 Hz, 1H), 
4.0 (d, J = 9.5 Hz, 1H), 1.55 (s, 3H), 1.52 (s, 3H), 1.40 (s, 6H). 13C-NMR (100 MHz, CDCl3) δ 


















(Table 1-3, Entry 11)  
colorless oil, 1H-NMR (400 MHz, CDCl3): δ 6.13 (d, J = 4.6 Hz, 1H), 
4.37–4.35 (m, 1H), 4.27 (dd, J = 4.6, 1.0 Hz, 1H), 3.88 (dd, J = 10.9, 
1.9 Hz, 1H), 3.82 (dd, J = 10.9, 1.9 Hz, 1H), 1.45 (s, 3H), 1.44 (s, 3H), 
0.86 (s, 9H), 0.06 (s, 3H), 0.03 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 210.9, 114.1, 103.8, 
81.7, 77.1, 63.9, 27.7, 27.1, 25.8, 18.1, –5.5, –5.7. IR (neat, cm-1): 1776. MS m/z: 245 ([M–
tBu]+), 245 (100%). HRMS (EI): Calcd. for C10H17O5Si: 245.0845, found: 245.0849. 
 
9-(2’,5’-Bis-O-(t-butyldimethylsilyl)-β-D-erythro-pentofuran-3-ulosyl)-9H-adenine (14’) 
(Table 1-3, Entry 12) 
colorless crystals; mp 173-175 °C (hexane). 1H-NMR (400 MHz, 
CDCl3) δ 8.26 (s, 1H), 8.04 (s, 1H), 6.04 (d, J = 8.2 Hz, 1H), 5.89 
(br s, 2H), 4.84 (d, J = 8.2 Hz, 2H), 4.20 (br s, 1H), 3.87 (br s, 2H), 
0.82 (s, 9H), 0.62 (s, 9H), 0.03 (s, 3H), –0.03 (s, 3H), –0.11 (s, 3H), 
–0.30 (s, 3H). 13C-NMR (100MHz, CDCl3) δ 208.5, 155.6, 153.4, 
150.4, 138.5, 119.7, 85.0, 82.4, 77.8, 62.4, 25.8, 25.2, 18.2, 18.0, –4.9, –5.5, –5.6, –5.8. IR (neat, 
cm-1) 1787, 1647, 1595, 1577. MS m/z 436 ([M–tBu]＋), 301 (100%); HRMS (EI) Calcd. for 
C18H30N5O4Si2: 436.1836, found: 436.1816. 
 
N-Benzyloxycarbonyl-L-prolinal (15’) (Table 1-3, Entry 13)  
colorless oil; 1H-NMR (400 MHz, CDCl3) δ 9.59 (s, 0.5H), 9.49 (s, 0.5H), 7.38–
7.31 (m, 5H), 5.17 (AB-q, J = 12.0 Hz, 2H), 4.30 (0.5 H, t, J = 5.6 Hz), 4.02 (0.5 
H, t, J = 5.6 Hz), 3.62–3.50 (m, 2H), 2.16–1.81 (m, 4H). 13C-NMR (100 MHz, CDCl3) δ 200.0, 
128.5, 128.1, 128.0, 67.3, 65.2, 64.9, 47.3, 46.7, 27.8, 26.6, 24.5, 23.7. IR (neat, cm-1): 2882, 
1734, 1699, 1415, 1356. MS m/z 204 ([M-CHO]＋), 91 (100%); HRMS Calcd. C12H14NO2: 
204.1025, found: 204.1033.  Enantiomeric excess was determined by HPLC with 
CHIRALPAK AD-H (Daicel chemical industries, ltd.) (5% iPrOH in Hexane, flow rate; 0.5 mL 

























  To a solution of 5-methylhex-4-en-1-yl benzoate (85, 43.7 mg, 200 µmol) in MeCN (1 mL) 
was added 2-azaadamantane N-oxoammonium tetrafluoroborate (AZADO+BF4–, 32, 57.4 mg, 
240 µmol) in one portion at room temperature. The solution was stirred at the same temperature 
for 1 h. The mixture was treated with isopropyl alcohol and then sat. aq. NaHCO3. The mixture 
was extracted with AcOEt (3 times). The combined organic layer was dried over MgSO4 and 
evaporated. The residue was purified with flash column chromatography (AcOEt : hexane = 1 : 
20) to afford 4-((2-azaadamantan-2-yl)oxy)-5-methylhex-5-en-1-yl benzoate (86, 55.8 mg, 151 
µmol, 75%) as a colorless oil and (E)-5-((2-azaadamantan-2-yl)oxy)-5-methylhex-3-en-1-yl 
benzoate (87, 10.4 mg, 28.1 µmol, 14%) as a colorless oil. 
 
4-((2-Azaadamantan-2-yl)oxy)-5-methylhex-5-en-1-yl benzoate 86 
1H-NMR (400 MHz, CDCl3): δ 8.04 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 
7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 4.93 (s, 1H), 4.83 (s, 1H), 4.37–
4.30 (m, 2H), 4.03 (t, J = 6.0 Hz, 1H), 3.22 (s, 1H), 3.19 (s, 1H), 2.41 (s, 1H), 2.38 (s, 1H), 
1.89–1.56 (m, 12H), 1.71 (s, 3H), 1.33 (br s, 2H).  13C-NMR (100 MHz, CDCl3): δ 166.7, 
145.9, 132.8, 130.5, 129.5, 128.3, 111.9, 84.6, 65.1, 55.1, 54.7, 36.8, 36.7, 36.6, 30.40, 30.36, 
29.0, 26.6, 26.2, 25.1, 17.8.  IR (neat, cm-1): 2927, 1721, 1448.  MS m/z: 369 (M+), 153 




























= 7.6 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 5.75 (d, J = 15.8 Hz, 1H), 5.58 (dt, J = 15.8, 6.8 Hz, 1H), 
4.34 (t, J = 6.8 Hz, 2H), 3.03 (br s, 2H), 2.48 (q, J = 6.8 Hz, 2H), 2.35 (br d, J = 11.2 Hz, 2H), 
1.93–1.86 (m, 3H), 1.79 (m, 1H) 1.72 (br s, 2H), 1.69–1.65 (m, 2H), 1.28–1.22 (m, 2H), 1.22 (s, 
6H).  13C-NMR (100 MHz, CDCl3): δ 166.6, 139.6, 132.8, 130.5, 129.6, 128.3, 122.8, 77.9, 
64.4, 56.2, 36.8, 36.5, 32.0, 30.3, 26.5, 26.0, 25.4.  IR (neat, cm-1): 2930, 1721, 1450.  HRMS 
(ESI-pos): Calcd. for C23H32NO3 370.2377 ([M+H]+); found: 370.2361. 
 
Reaction of singlet oxygen and 85 
 
 To a solution of 5-methylhex-4-en-1-yl benzoate (85, 150 mg, 687 µmol) in CH2Cl2 (5 mL) 
was added 5,10,15,20-tetraphenylporphyrin (TPP, 4.2 mg, 6.9 µmol) at room temperature. O2 
was bubbled through the solution for 30 min and then the solution was stirred at room 
temperature for 4 h with irradiation (light source: 100 V-22 W fluorescent lamp). The mixture 
was concentrated under reduced pressure. The residue was purified with flash column 
chromatography (AcOEt : hexane = 1 : 4) to afford a inseparable mixture of 
4-hydroperoxy-5-methylhex-5-en-1-yl benzoate (86’) and 
(E)-5-hydroperoxy-5-methylhex-3-en-1-yl benzoate (87’) as a yellow oil (162 mg, 648 µmol, 
94%). 
1H-NMR (400 MHz, CDCl3): δ 8.03 (d, J = 7.7 Hz, 2H), 7.78 (s, 0.5H), 7.56 (t, J = 7.7 Hz, 1H), 
7.44 (t, J = 7.7 Hz, 2H), 7.34 (s, 0.5H), 5.77 (dt, J = 16.2, 6.6 Hz, 0.5H), 5.68 (d, J = 16.2 Hz, 
1H), 5.06 (s, 1H), 4.40 (t, J = 6.6 Hz, 2H), 4.35 (td, J = 6.5, 2.5 Hz, 0.5H), 2.54 (q, J = 6.6 Hz, 
1H), 1.92–1.63 (m, 2H), 1.76 (s, 1.5H) 1.31 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 166.7, 
166.6, 143.3, 136.5, 133.0, 132.9, 130.22, 130.18, 129.5, 128.35, 128.33, 126.8, 114.51, 114.49, 
89.0, 82.0, 64.6, 63.9, 32.1, 27.3, 25.0, 24.3, 17.2.  IR (neat, cm-1): 3405, 2976, 1718, 1279.  
HRMS (ESI-pos): Calcd. for C14H18O4 273.1097 ([M+Na]+); found: 273.1077. 
 
 
















  To a suspension of PhI(OAc)2 (77.4 mg, 240 µmol), MMPP·6H2O (74.2 mg, 120 µmol), 
LiBF4 (18.9 mg, 200 µmol), AZADO+BF4– (9.56 mg, 40 µmol) and MS3A (powder, activated, 
200 mg) in MeCN-PhMe (1:4, 1 mL) was added 5-methylhex-4-en-1-yl benzoate (85, 43.7 mg, 
200 µmol) in MeCN-PhMe (1:4, 1 mL) over 2 h (by syringe pump) at room temperature. After 
completion of the addition, the suspention was stirred for another 2 h at the same temperature. 
The mixture was filtered through Celite® and treated with sat. aq. NaHCO3 and Na2SO3. The 
mixture was extracted with CH2Cl2 (3 times). The combined organic layer was dried over 
MgSO4 and evaporated. The residue was purified with flash column chromatography (AcOEt : 
hexane = 1 : 15) to afford 5-methyl-4-oxohex-5-en-1-yl benzoate (89, 32.5 mg, 140 µmol, 70%) 
as colorless oil. 
 
• Characterization data of byproducts 
 
6-Benzoyloxy-2-methyl-2,3-epoxyhexane (89) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.04 (dd, J = 7.6, 1.0 Hz, 
2H) 7.56 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 4.38 (td, J = 6.5, 1.2 
Hz, 2H), 2.79 (t, J = 6.4 Hz, 1H), 2.03–1.86(m, 2H), 1.78–1.65 (m, 2H), 1.32 (s, 3H), 1.29 (s, 
3H).  13C-NMR (100 MHz, CDCl3): δ 166.5, 132.9, 130.2, 129.5, 128.3, 64.4, 63.7, 58.4, 25.8, 
25.6, 24.8, 18.7.  IR (neat, cm-1): 2961, 1719, 1274.  MS m/z: 234 (M+), 105 (100%).  
HRMS (EI): Calcd. for C14H18O3 234.1256 (M+); found: 234.1249. 
 
(E)-5-Hydroxy-5-methylhex-3-en-1-yl benzoate (95) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.04 (dd, J = 7.6 Hz, 2H) 
7.56 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 5.76 (d, J = 15.6 Hz, 
1H), 5.69 (dt, J = 15.6, 6.5 Hz, 1H), 4.36 (t, J = 6.5 Hz, 2H), 2.50 (q, J = 6.5 Hz, 2H), 1.30 (s, 
6H).  13C-NMR (100 MHz, CDCl3): δ 166.5, 141.0, 132.9, 130.3, 129.5, 128.3, 122.2, 70.6, 


















C14H18O3Na 257.1148 ([M+Na]+); found: 257.1137. 
 
Preparation of the substrate 
 
• 5-Methylhex-4-en-1-yl benzoate (85) 




  To a solution of 1,4-butanediol (E3, 5.8 mL, 65 mmol) and Et3N (3.0 mL, 22 mmol) in 
CH2Cl2 (86 mL) was added BzCl (2.5 mL, 22 mmol) slowly at 0 °C. The mixture was stirred at 
room temperature for 11 h. The mixture was diluted with sat. aq. NaHCO3 and extracted with 
CH2Cl2 (twice). The organic layer was washed with brine and dried over MgSO4 and evaporated. 
The residue was purified with column chromatography (AcOEt : hexane = 1 : 2) to afford 
4-benzoyloxy-1-butanol (E4, 3.4 g, 17 mmol, 77%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.04 (d, J = 7.5 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.44 (t, J = 7.5 
Hz, 2H), 4.37 (t, J = 6.5 Hz, 2H), 3.73 (t, J = 6.5 Hz, 2H), 1.91–1.84 (m, 2H), 1.77–1.71 (m, 
2H), 1.38 (br s, 1H).  13C-NMR (100 MHz, CDCl3): δ 166.6, 132.9, 130.3, 129.5, 128.3, 64.7, 
62.4, 29.2, 25.2.  IR (neat, cm-1): 3417, 2947, 1715, 1276.  MS m/z: 194 (M+), 105 (100%).  
HRMS (EI): Calcd. for C11H14O3 194.0943 (M+); found: 194.0944. 
 
5-Methylhex-4-en-1-yl benzoate (85) 
  To a solution of 4-benzoyloxy-1-butanol (E4, 1.5 g, 7.7 mmol), AZADO (12 mg, 77 µmol), 
and KBr (92 mg, 770 µmol) in CH2Cl2 (15 mL) and sat. aq. NaHCO3 (7.5 mL) was added 
dropwise a solution of 1.3 M NaOCl aq. (7.4 mL, 9.3 mmol) in sat. aq. NaHCO3 (7.5 mL) at 
0 °C over 7 min. The mixture was stirred at the same temperature for 15 min. The mixture was 










    NaOCl, KBr 
    CH2Cl2-sat. aq.NaHCO3
    0 °C, 15 min
2. 
    nBuLi 







washed with brine, dried over MgSO4 and evaporated. The crude aldehyde was used directly in 
the next reaction without further purification. To a flame-dried 500mL two-necked flask were 
added isopropyltriphenylphosphonium iodide (5.0 g, 12 mmol) and THF (20 mL) at room 
temperature. The mixture was cooled to 0 °C and then nBuLi (1.6 N in hexane, 7.3 mL, 12 
mmol) was slowly added dropwise to the mixture (via syringe). The resulting mixture was 
stirred at the same temperature for 1 h. A solution of the crude aldehyde in THF (20 mL) was 
added dropwise (via cannula) at 0 °C to the mixture and the resulting solution was stirred at the 
same temperature for 75 min. The reaction was treated with sat. aq. NH4Cl and extracted with 
Et2O (3 times). The organic layer was washed with brine and dried over MgSO4 and evaporated. 
The residue was purified with column chromatography (Et2O : hexane = 1 : 30) to afford 
5-methylhex-4-en-1-yl benzoate (85, 1.2 g, 5.3 mmol, 69%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 8.05 (d, J = 8.0 Hz, 2H), 7.55 (t, J = 8.0 Hz, 1H), 7.44 (t, J = 8.0 
Hz, 2H), 5.15 (t, J = 7.2 Hz, 1H), 4.31 (t, J = 7.2 Hz, 2H), 2.15 (q, J = 7.2 Hz, 2H), 1.81 (quint, 
J = 7.2 Hz, 2H), 1.70 (s, 3H), 1.61 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 166.7, 132.8, 
132.6, 130.5, 129.5, 128.3, 123.2, 64.6, 28.8, 25.7, 24.4, 17.6.  IR (neat, cm-1): 2926, 1720, 
1272.  MS m/z: 218 (M+), 96 (100%).  HRMS (EI): Calcd. for C14H18O2 218.1307 (M+); 
found: 218.1324. 
 
• 2-(5-Methylhex-4-en-1-yl)isoindoline-1,3-dione (E8) 











    NaOCl·5H2O
    KBr (cat.)
    CH2Cl2-sat. NaHCO3
    0 °C, 20 min
2. 
    NaHMDS
    THF, –30 to 0 ºC, 40 min



















  To a suspention of NaH (60%, 200 mg, 5.0 mmol) in THF (10 mL) was added 1,4-butanediol 
(E3, 451 mg, 5.00 mmol) in THF (5 mL) slowly at 0 °C. The mixture was stirred at room 
temperature for 30 min. TBSCl (754 mg, 5.00 mmol) was added to the mixture slowly at 0 °C. 
The mixture was stirred 7 h at room temperature. The mixture was treated with H2O and 
extracted with AcOEt (3 times). The organic layer was washed with brine, dried over MgSO4 
and evaporated. The residue was purified with flash column chromatography (AcOEt : hexane = 
1 : 4) to afford 4-tert-butyldimethylsilyloxy-butan-1-ol (E5, 929 mg, 4.54 mmol, 91%) as a 
colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 3.69–3.64 (m, 4H), 2.49 (br s, 1H), 1.68–1.62 (m, 4H), 0.90 (s, 
9H), 0.07 (s, 6H).  13C-NMR (100 MHz, CDCl3): δ 63.3, 62.8, 30.2, 29.9, 25.9, 18.3, –5.4.  IR 
(neat, cm-1): 3346, 2930, 1101, 837.  HRMS (ESI-pos): Calcd. for C10H24O2SiNa 227.1438 
([M+Na]+); found: 227.1424. 
 
2-(4-((tert-Butyldimethylsilyl)oxy)butyl)isoindoline-1,3-dione (E6) 
  To a solution of 4-tert-butyldimethylsilyloxy-butan-1-ol (E5, 818 mg, 4.00 mmol), 
phthalimide (824 mg, 5.60 mmol), PPh3 (1.47 g, 5.60 mmol) in THF (20 mL) was added DEAD 
(2.2 M in toluene, 2.5 mL, 5.6 mmol) slowly at 0 °C. The solution was stirred for 10.5 h at room 
temperature. The mixture was treated with H2O and extracted with AcOEt (3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt : hexane = 1 : 8) to afford 
2-(4-((tert-butyldimethylsilyl)oxy)butyl)isoindoline-1,3-dione (E6, 1.05 g, 3.16 mmol, 79%) as 
a white amorphous. 
1H-NMR (400 MHz, CDCl3): δ 7.85–7.83 (m, 2H), 7.72–7.70 (m, 2H), 3.71 (t, J = 7.2 Hz, 2H), 
3.64 (t, J = 7.2 Hz, 2H), 1.75 (quint, J = 7.2 Hz, 2H), 1.60–1.55 (m, 2H), 0.88 (s, 9H), 0.04 (s, 
6H).  13C-NMR (100 Hz, CDCl3): δ 168.4, 133.8, 132.2, 123.1, 62.5, 37.9, 30.0, 25.9, 25.1, 
18.3, –5.4.  IR (neat, cm-1): 2930, 1773, 1715.  MS m/z: 276 ([M–tBu]+), 276 (100%).  
HRMS (EI): Calcd. for C14H18NO3Si 276.1056 (M+); found: 276.1045. 
 
2-(4-Hydroxybutyl)isoindoline-1,3-dione E7 
  To a solution of 2-(4-((tert-butyldimethylsilyl)oxy)butyl)isoindoline-1,3-dione (E6, 834 mg, 




was stirred for 2.5 h at the same temperature. The mixture was treated with sat. aq. NaHCO3 and 
extracted with AcOEt (3 times). The organic layer was washed with brine, dried over MgSO4 
and evaporated. The residue was purified with flash column chromatography (AcOEt : hexane = 
1 : 1) to afford 2-(4-hydroxybutyl)isoindoline-1,3-dione (E7, 514 mg, 2.34 mmol, 94%) as a 
white solid. 
colorless plates: mp 52-53 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 7.85–7.83 (m, 2H), 
7.73–7.70 (m, 2H), 3.76–3.69 (m, 4H), 1.82–1.73 (m, 2H), 1.66–1.59 (m, 2H).  13C-NMR (100 
MHz, CDCl3): δ 168.5, 133.9, 132.1, 123.2, 62.3, 37.7, 29.7, 25.1.  IR (neat, cm-1): 3461, 2940, 
1770, 1709, 1398.  MS m/z: 219 (M+), 160 (100%).  HRMS (EI): Calcd. for C12H13NO3 
219.0895 (M+); found: 219.0903. 
 
2-(5-Methylhex-4-en-1-yl)isoindoline-1,3-dione (E8) 
  To a solution of 2-(4-hydroxybutyl)isoindoline-1,3-dione (E7, 438 mg, 2.00 mmol), 
AZADOL (3.1 mg, 20 µmol), and KBr (23.8 mg, 200 µmol) in CH2Cl2 (6 mL) and sat. aq. 
NaHCO3 (3 mL) was added dropwise a solution of NaOCl·5H2O (395 mg, 2.40 mmol) in sat. aq. 
NaHCO3 (3 mL) at 0 °C over 5 min. The mixture was stirred at the same temperature for 20 min. 
The mixture was treated with Na2S2O3 and extracted with CH2Cl2 (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The crude aldehyde was used 
directly in the next reaction without further purification. Isopropyltriphenylphosphonium iodide 
(865 mg, 2.00 mmol) and THF (5 mL) was added to a flame-dried 30 mL 2-necked flask at 
room temperature. The mixture was cooled to –30 °C and then NaHMDS (1.9 M in THF, 1.2 
mL, 2.2 mmol) was slowly added to the mixture (via syringe). The orange-colored mixture was 
stirred at 0 °C for 1 h. A solution of the crude aldehyde in THF (5 mL) was added to the 
orange-colored mixture dropwise (via cannula) at –30 °C and the mixture was stirred at 0 °C for 
40 min. The mixture was treated with sat. aq. NH4Cl and extracted with AcOEt 3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt : hexane = 1 : 50 to 1 : 20) to afford 
2-(4-hydroxybutyl)isoindoline-1,3-dione (E8, 115 mg, 473 µmol, 24% for 2 steps) as a white 
solid. 
colorless crystals; mp 44 °C (AcOEt-hexane).  1H-NMR (400 MHz, CDCl3): 7.85–7.83 (m, 
2H), 7.71–7.69 (m, 2H), 5.11 (m, 1H), 3.68 (t, J = 7.4 Hz, 2H), 2.05 (q, J = 7.4 Hz, 2H) 1.73 




133.8, 132.4, 132.2, 123.2, 123.1, 37.8, 28.5, 25.6, 25.5, 17.7.  IR (neat, cm-1): 2932, 1771, 
1713, 1396, 719.  MS m/z: 243 (M+), 243 (100%).  HRMS (EI): Calcd. for C15H17NO2 
243.1259 (M+); found: 243.1269. 
 
• 2-Methyl-6-phenyl-2-hexene (E9) 
Scheme E-8: Synthesis of 2-methyl-6-phenyl-2-hexene (E9) 
 
  To a solution of 4-phenyl-1-butanol (80, 300 mg, 2.00 mmol), AZADOL (3.1 mg, 20 µmol), 
and KBr (23.8 mg, 200 µmol) in CH2Cl2 (6 mL) and sat. aq. NaHCO3 (3 mL) was added 
dropwise a solution of NaOCl·5H2O (494 mg, 3.00 mmol) in sat. aq. NaHCO3 (3 mL) at 0 °C 
over 5 min. The mixture was stirred at the same temperature for 20 min. The mixture was 
treated with Na2S2O3 and extracted with CH2Cl2 (3 times). The organic layer was washed with 
brine, dried over MgSO4 and evaporated. The crude aldehyde was used directly in the next 
reaction without further purification. Isopropyltriphenylphosphonium iodide (865 mg, 2.00 
mmol) and THF (5 mL) was added to a flame-dried 30 mL 2-necked flask at room temperature. 
The mixture was cooled to –30 °C and then NaHMDS (1.9 M in THF, 1.2 mL, 2.2 mmol) was 
slowly added to the mixture (via syringe). The orange-colored mixture was stirred at 0 °C for 1 
h. A solution of the crude aldehyde in THF (5 mL) was added to the orange-colored mixture 
dropwise (via cannula) at –30 °C and the mixture was stirred at 0 °C for 30 min. The mixture 
was treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (hexane) to afford 2-methyl-6-phenyl-2-hexene (E9, 94.8 mg, 544 
µmol, 27% for 2 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 7.29–7.17 (m, 5H), 5.15 (t, J = 7.5 Hz, 1H), 2.61 (t, J = 7.5 Hz, 
2H), 2.02 (q, J = 7.5 Hz, 2H), 1.70 (s, 3H), 1.66 (quint, J = 7.5 Hz, 2H), 1.59 (s, 3H).  
13C-NMR (100 MHz, CDCl3): δ 142.7, 131.7, 128.4, 128.2, 125.6, 124.3, 35.5, 31.6, 27.6, 25.7, 
OH
1. AZADOL (cat.)
    NaOCl·5H2O
    KBr (cat.)
    CH2Cl2-sat. NaHCO3
    0 °C, 20 min
2. 
    NaHMDS
    THF, –30 to 0 ºC, 30 min






17.7.  IR (neat, cm-1): 2926, 698.  MS m/z: 174 (M+), 104 (100%).  HRMS (EI): Calcd. for 
C13H18 174.1409 (M+); found: 174.1397. 
 
• 2-Methyl-6-(p-methoxyphenyl)-2-hexene (E12) 




  To a solution of p-methoxybenzyl chloride (E10, 548 mg, 3.50 mmol) in THF (7 mL) was 
added allylmagnesium bromide (1.0 M in THF, 7.0 mL, 7.0 mmol) slowly at 0 °C. The mixture 
was stirred for 1.5 h at room temperature and for another 1.5 h at 40 °C. The mixture was 
treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was washed 
with brine, dried over MgSO4 and evaporated. The residue was purified with flash column 
chromatography (hexane) to afford 4-(p-methoxyphenyl)-but-1-ene (E11, 459 mg, 2.83 mmol, 
81%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 7.10 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 5.85 (ddt, J = 
17.4, 10.2, 7.1 Hz, 1H), 5.03 (d, J = 17.4 Hz, 1H), 4.97 (d, J = 10.2 Hz, 1H), 3.78 (s, 3H) 2.65 (t, 
J = 7.1 Hz, 2H), 2.34 (q, J = 7.1 Hz, 2H).  13C-NMR (100 MHz, CDCl3): δ 157.8, 138.2, 134.0, 
129.3, 114.8, 113.7, 55.2, 35.7, 34.5.  IR (neat, cm-1): 2932, 1512, 1246.  MS m/z: 162 (M+), 
121 (100%).  HRMS (EI): Calcd. for C141H14O 162.1045 (M+); found: 162.1046. 
 
2-Methyl-6-(p-methoxyphenyl)-2-hexene (E12) 
  To a solution of 4-(p-methoxyphenyl)-but-1-ene (E11, 487 mg, 3.00 mmol) in THF (15 mL) 
was added BH3·THF (0.92 M in THF, 3.6 mL, 3.3 mmol) slowly at 0 °C. The mixture was 
stirred for 20 min at the same temperature. 10% aq. NaOH (2 mL) and 30% aq. H2O2 (2 mL) 
were added to the mixture slowly at 0 °C. The mixture was stirred for another 1 h at the same 
1. BH3·THF, THF
    0 °C, 20 min;
    then aq. NaOH, H2O2
    0 °C, 1 h
2. AZADOL (cat.)
    NaOCl·5H2O
    KBr (cat.)
    CH2Cl2-sat. NaHCO3
    0 °C, 20 min
3. 
    NaHMDS, THF
    –30 to 0 ºC, 30 min













temperature. The mixture was treated with Na2SO3 and extracted with CH2Cl2 (3 times). The 
organic layer was dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 2) to afford a colorless oil containing 
4-(p-methoxyphenyl)-1-butanol (430 mg). The oil was used directly in the next reaction without 
further purification. A solution of NaOCl·5H2O (492 mg, 2.99 mmol) in sat. aq. NaHCO3 (3 
mL) was added dropwise to a solution of the oil (430 mg), AZADOL (3.66 mg, 23.9 µmol), and 
KBr (28.4 mg, 239 µmol) in CH2Cl2 (6 mL) and sat. aq. NaHCO3 (3 mL) at 0 °C over 5 min. 
The mixture was stirred at the same temperature for 20 min. The mixture was treated with 
Na2S2O3 and extracted with CH2Cl2 (3 times). The organic layer was washed with brine, dried 
over MgSO4 and evaporated. The crude aldehyde was used directly in the next reaction without 
further purification. Isopropyltriphenylphosphonium iodide (1.03 g, 2.39 mmol) and THF (5 
mL) was added to a flame-dried 30 mL 2-necked flask at room temperature. The mixture was 
cooled to –30 °C and then NaHMDS (1.9 M in THF, 1.4 mL, 2.6 mmol) was slowly added to 
the mixture (via syringe). The orange-colored mixture was stirred at 0 °C for 1 h. A solution of 
the crude aldehyde in THF (5 mL) was added to the orange-colored mixture dropwise (via 
cannula) at –30 °C and the mixture was stirred at 0 °C for 1 h. The mixture was quenched with 
sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was washed with brine, 
dried over MgSO4 and evaporated. The residue was purified with flash column chromatography 
(AcOEt : hexane = 1 : 200 to 1 : 50) to afford 2-methyl-6-(p-methoxyphenyl)-2-hexene (E12, 
197 mg, 964 µmol, 32% for 3 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 7.09 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 5.14 (m, 1H), 
3.78 (s, 3H), 2.55 (t, J = 7.4 Hz, 2H), 2.00 (q, J = 7.4 Hz, 2H), 1.70 (s, 3H), 1.70–1.59 (m, 2H), 
1.59 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 157.6, 134.8, 131.7, 129.3, 124.4, 113.7, 55.3, 
34.6, 31.8, 27.6, 25.7, 17.7.  IR (neat, cm-1): 2928, 1512, 1246.  MS m/z: 204 (M+), 121 
(100%).  HRMS (EI): Calcd. for C14H20O 204.1514 (M+); found: 204.1512. 
 
• 2-Methyl-6-(p-bromophenyl)-2-hexene (E15) 







  To a solution of p-bromobenzyl bromide (E13, 875 mg, 3.50 mmol) in THF (7 mL) was 
added allylmagnesium bromide (1.0 M in THF, 7.0 mL, 7.0 mmol) slowly at 0 °C. The mixture 
was stirred for 1 h at room temperature. The mixture was treated with sat. aq. NH4Cl and 
extracted with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was used in the next reaction without further purification. BH3·THF 
(0.92 M in THF, 4.3 mL, 4.0 mmol) was added to a solution of the residue in THF (10 mL) 
slowly at 0 °C. The mixture was stirred for 20 min at room temperature. 10% aq. NaOH (2 mL) 
and 30% aq. H2O2 (1 mL) were added to the mixture slowly at 0 °C. The mixture was stirred for 
another 1 h at room temperature (white precipitation was observed). The mixture was treated 
with Na2SO3 and extracted with CH2Cl2 (3 times). The organic layer was dried over MgSO4 and 
evaporated. The residue was purified with flash column chromatography (AcOEt : hexane = 1 : 
4 to 1 : 2) to afford 4-(p-bromophenyl)-butan-1-ol (E14, 641 mg, 2.80 mmol, 80% for 2 steps) 
as a colorless oil  
1H-NMR (400 MHz, CDCl3): 7.39 (d, J = 8.0 Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 3.65 (t, J = 6.2 
Hz, 2H), 2.60 (t, J = 7.6 Hz, 2H), 1.72–1.57 (m, 4H), 1.26–1.21 (m, 1H).  13C-NMR (100 MHz, 
CDCl3): δ 141.2, 131.3, 130.1, 119.5, 62.7, 35.0, 32.2, 27.4.  IR (neat, cm-1): 3330 2935, 1487, 
1071, 1011.  MS m/z: 228 (M+), 230 ([M+2]+), 182 (100%).  HRMS (EI): Calcd. for 




  To a solution of 4-(p-bromophenyl)-butan-1-ol (E14, 458 mg, 2.00 mmol), AZADOL (3.06 
mg, 20.0 µmol), and KBr (23.8 mg, 200 µmol) in CH2Cl2 (6 mL) and sat. aq. NaHCO3 (3 mL) 
was added dropwise a solution of NaOCl·5H2O (411 mg, 2.50 mmol) in sat. aq. NaHCO3 (3 
mL) at 0 °C over 5 min. The mixture was stirred at the same temperature for 20 min. The 
E13 E14 E15
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mixture was treated with Na2S2O3 and extracted with CH2Cl2 (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The crude aldehyde was used directly in 
the next reaction without purification. Isopropyltriphenylphosphonium iodide (865 mg, 2.00 
mmol) and THF (5 mL) was added to a flame-dried 30 mL 2-necked flask at room temperature. 
The mixture was cooled to –30 °C and then NaHMDS (1.9 M in THF, 1.2 mL, 2.2 mmol) was 
slowly added to the mixture (via syringe). The orange-colored mixture was stirred at 0 °C for 1 
h. A solution of the crude aldehyde in THF (5 mL) was added to the orange-colored mixture 
dropwise (via cannula) at –30 °C and the mixture was stirred at 0 °C for 1 h. The mixture was 
treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was washed 
with brine, dried over MgSO4 and evaporated. The residue was purified with flash column 
chromatography (hexane) to afford 2-methyl-6-(p-bromophenyl)-2-hexene (E15, 176 mg, 696 
µmol, 35% for 2 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 7.38 (d, J = 8.0 Hz, 2H), 7.04 (d, J = 8.0 Hz, 2H), 5.12 (m, 1H), 
2.55 (t, J = 7.7 Hz, 2H), 1.99 (q, J = 7.7 Hz, 2H), 1.69 (s, 3H), 1.62 (quint, J = 7.7 Hz, 2H), 1.58 
(s, 3H).  13C-NMR (100 MHz, CDCl3): δ 141.6, 132.0, 131.2, 130.2, 124.1, 119.3, 34.8, 31.3, 
27.5, 25.7, 17.7.  IR (neat, cm-1): 2927, 1488.  MS m/z: 252 (M+), 254 ([M+2]+), 182 (100%).  
HRMS (EI): Calcd. for C13H1779Br 252.0514 (M+); found: 252.0500, C13H1781Br 254.0493 
([M+2]+); found: 254.0484. 
 
• Ethyl chrysanthemate : purchased from commercial supplier and used as received. 
 
• (R)-1-tert-butyldimethylsilyloxy-3,7-dimethyl-6-octene (E17) 
Scheme E-11: Synthesis of (R)-1-tert-butyldimethylsilyloxy-3,7-dimethyl-6-octene (E17) 
 
(R)-1-tert-Butyldimethylsilyloxy-3,7-dimethyl-6-octene (E17) 
  To a solution of β-(–)-citronellol (E16, 234 mg, 1.50 mmol) and imidazole (136 mg, 2.00 
mmol) in DMF (7.5 mL) was added TBSCl (271 mg, 1.80 mmol) at room temperature. The 
mixture was stirred at the same temperature overnight. Additional TBSCl (271 mg, 1.80 mmol) 
and imidazole (272 mg, 4.00 mmol) were added to the mixture and the mixture was stirred 













times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with flash column chromatography (hexane) to afford 
(R)-1-tert-butyldimethylsilyloxy-3,7-dimethyl-6-oc-tene (E17, 358 mg, 1.32 mmol, 88%) as 
colorless oil. 
[α]D25 +0.77 (c 0.35, CHCl3), [lit. [α]D25 +3.33 (c 2.40, CHCl3), Shishido, K. et al. Heterocycles 
1993, 36, 345.].  1H-NMR (400 MHz, CDCl3): 5.10 (m, 1H), 3.66–3.61 (m, 2H), 2.10–1.93 (m, 
2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.57–1.54 (m, 2H), 1.36–1.30 (m, 2H), 1.19–1.12 (m, 1H), 0.89 
(s, 9H), 0.89–0.87 (m, 3H), 0.05 (s, 6H).  13C-NMR (100 MHz, CDCl3): δ 131.1, 124.9, 61.5, 
39.9, 37.2, 29.1, 26.0, 25.7, 25.5, 19.6, 18.3, 17.6, –5.3.  IR (neat, cm-1): 2956, 1097, 835.  
MS m/z: 213 ([M–tBu]+), 81 (100%).  HRMS (EI): Calcd. for C12H25OSi 213.1675 (M+); 
found: 213.1679. 
 
• N,N-Diethyl-3,7-dimethyloct-6-enamide (E19) 
Scheme E-12: Synthesis of N,N-diethyl-3,7-dimethyloct-6-enamide (E19) 
 
N,N-Diethyl-3,7-dimethyloct-6-enamide (E19) 
To a solution of citronellic acid (E18, 341 mg, 2.00 mmol) and diethylamine (621 µL, 6.00 
mmol) in CH2Cl2 (10 mL) was added EDCI·HCl (575 mg, 3.00 mmol) at room temperature. 
The mixture was stirred overnight at the same temperature. The mixture was treated with H2O 
and extracted with CH2Cl2 (3 times). The organic layer was dried over MgSO4 and evaporated. 
The residue was purified with flash column chromatography (AcOEt : hexane = 1 : 4) to afford 
N,N-diethyl-3,7-dimethyloct-6-enamide (E19, 74.4 mg, 330 µmol, 16%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 5.10 (m, 1H), 3.38 (q, J = 7.1 Hz, 2H), 3.31 (q, J = 7.1 Hz, 2H), 
2.27 (dd, J = 13.4, 4.6 Hz, 1H), 2.13-1.96 (m, 4H), 1.68 (s, 3H), 1.60 (s, 3H), 1.43-1.35 (m, 1H), 
1.25-1.21 (m, 1H), 1.16 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H), 0.94 (d, J = 6.4 Hz, 3H).  
13C-NMR (100 MHz, CDCl3): δ 171.7, 131.3, 124.6, 42.0, 40.4, 40.1, 37.2, 30.2, 25.7, 25.6, 
19.8, 17.6, 14.5, 13.1.  IR (neat, cm-1): 2967, 1640.  MS m/z: 225 (M+), 115 (100%).  HRMS 
(EI): Calcd. for C14H27NO 225.2093 (M+); found: 225.2102. 
 












Scheme E-13: Synthesis of pent-4-en-1-yl 3,7-dimethyloct-6-enoate (E20) 
 
Pent-4-en-1-yl 3,7-dimethyloct-6-enoate (E20) 
To a solution of citronellic acid (E18, 255 mg, 1.50 mmol), 4-penten-1-ol (155 µL, 1.80 mmol), 
Et3N (418 µL, 3.00 mmol) and DMAP (36.7 mg, 300 µmol) in CH2Cl2 (8 mL) was added 
EDCI·HCl (383 mg, 2.00 mmol) at room temperature. The mixture was stirred 1 h at the same 
temperature. The mixture was treated with H2O and extracted with CH2Cl2 (3 times). The 
organic layer was dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 20) to afford pent-4-en-1-yl 
3,7-dimethyloct-6-enoate (E20, 194 mg, 812 µmol, 54%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 5.81 (ddt, J = 17.4, 10.4, 6.9 Hz, 1H), 5.09 (m, 1H), 5.04 (d, J = 
17.4 Hz, 1H), 4.99 (d, J = 10.4 Hz, 1H), 4.08 (t, J = 6.9 Hz, 2H), 2.31 (dd, J = 14.8, 6.0 Hz, 1H), 
2.13–2.09 (m, 3H), 2.01–1.96 (m, 3H), 1.73 (quint, J = 6.9 Hz, 2H), 1.68 (s, 3H), 1.60 (s, 3H), 
1.40–1.31 (m, 1H), 1.27–1.18 (m, 1H), 0.95 (d, J = 6.8 Hz, 3H).  13C-NMR (100 MHz, 
CDCl3): δ 173.3, 137.5, 131.5, 124.3, 115.2, 63.6, 41.9, 36.8, 30.08, 30.06, 27.9, 25.7, 25.4, 
19.6, 17.6.  IR (neat, cm-1): 2917, 1736.  HRMS (ESI-pos): Calcd. for C15H26O2Na 261.1825 
([M+Na]+); found: 261.1809. 
 
• N-(tert-Butoxycarbonyl)-2-(3-methylbut-2-en-1-yl)piperidine (E23) 
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in CH2Cl2 (20 mL) was added Boc2O (2.7 mL, 12 mmol) at 0 °C. The mixture was stirred 
overnight at room temperature. The mixture was treated with H2O and extracted with CH2Cl2 (3 
times). The organic layer was dried over MgSO4 and evaporated. The residue was purified with 
flash column chromatography (AcOEt : hexane = 1 : 4) to afford 
N-(tert-butoxycarbonyl)-2-(2-hydroxyethyl)piperidine (E22, 1.51 g, 6.58 mmol, 85%) as a pale 
yellow oil. 
1H-NMR (400 MHz, CDCl3, 50 °C): 4.41 (m, 1H), 3.95 (br d, J = 12.2 Hz, 1H), 3.60 (m, 1H), 
3.41 (m, 1H), 2.69 (br t, J = 12.2 Hz, 1H), 1.97–1.91 (m, 1H), 1.73–1.70 (m, 1H), 1.58-1.39 (m, 
7H), 1.47 (s, 9H).  13C-NMR (100 MHz, CDCl3, 50 °C): δ 156.2, 80.0, 58.9, 46.4, 39.3, 32.6, 
29.3, 28.5, 25.6, 19.2.  IR (neat, cm-1): 3441, 2935, 1687, 1662, 1419, 1165.  MS m/z: 229 
(M+), 128 (100%).  HRMS (EI): Calcd. for C12H23NO3 229.1678 (M+); found: 229.1667. 
 
N-(tert-Butoxycarbonyl)-2-(3-methylbut-2-en-1-yl)piperidine (E23) 
  To a solution of N-(tert-butoxycarbonyl)-2-(2-hydroxyethyl)piperidine (E22, 459 mg, 2.00 
mmol), AZADOL (3.1 mg, 20 µmol), and KBr (23.8 mg, 200 µmol) in CH2Cl2 (6 mL) and sat. 
NaHCO3 (3 mL) was added dropwise a solution of NaOCl·5H2O (494 mg, 3.00 mmol) in sat. 
NaHCO3 (3 mL) at 0 °C over 5 min. The mixture was stirred at the same temperature for 20 min. 
The mixture was treated with Na2SO3 and extracted with CH2Cl2 (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The crude aldehyde was used 
directly in the next reaction without further purification. Isopropyltriphenylphosphonium iodide 
(1.08 g, 2.50 mmol) and THF (5 mL) was added to a flame-dried 30 mL 2-necked flask at room 
temperature. The mixture was cooled to –30 °C and then NaHMDS (1.9 M in THF, 1.6 mL, 3.0 
mmol) was slowly added dropwise to the mixture (via syringe). The orange-colored mixture 
was stirred at 0 °C for 1 h. A solution of the crude aldehyde in THF (5 mL) was added to the 
orange-colored mixture dropwise (via cannula) at –30 °C and the mixture was stirred at 0 °C for 
2.5 h. The reaction was treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt : hexane = 1 : 25) to afford 
N-(tert-butoxycarbonyl)-2-(3-methylbut-2-en-1-yl)piperidine (E23, 84.4 mg, 333 µmol, 17%) 
as a colorless oil. 
colorless oil;  1H-NMR (400 MHz, CDCl3): 5.08 (t, J = 7.2 Hz, 1H), 4.18 (br s, 1H), 3.97 (br, d, 




1.39 (m, 6H), 1.49 (s, 9H).  13C-NMR (100 Hz, CDCl3): δ 155.1, 133.0, 121.3, 78.9, 50.8, 39.0, 
38.8, 28.5, 27.5, 25.8, 25.6, 19.1, 17.8.  IR (neat, cm-1): 2931, 1691.  HRMS (ESI-pos): Calcd. 
for C15H27NO2Na 276.1934 ([M+Na]+); found: 276.1921. 
 
• 1-tert-Butyldimethylsilyloxy-4-cyclohexylidenebutane (E25) 
Scheme E-15: Synthesis of 1-tert-butyldimethylsilyloxy-4-cyclohexylidenebutane (E25) 
 
1-tert-Butyldimethylsilyloxy-4-cyclohexylidenebutane (E25) 
  To a suspension of 4-(tert-butyldimethylsilyloxy)butyl triphenylphosphonium iodide 75 (865 
mg, 1.50 mmol) in THF (5 mL) was added NaHMDS (1.9 M, 1.1 mL, 2.0 mmol) slowly at –
78 °C (The color of mixture turned orange from colorless). The mixture was stirred for 30 min 
at –78 °C. Cyclohexanone (E24, 118 mg, 1.20 mmol) in THF (3 mL) was added slowly to the 
mixture. The mixture was stirred for 3 h at room temperature, 12 h at 50 °C and 24 h at 60 °C. 
The mixture was treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic 
layer was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
flash column chromatography (hexane then AcOEt : hexane = 1 : 200) to afford 
1-tert-butyldimethylsilyloxy-4-cyclohexylidenebutane (E25, 80.0 mg, 300 µmol, 25%) as a 
colorless oil. 
1H-NMR (400 MHz, CDCl3): 5.06 (t, J = 7.2 Hz, 1H), 3.60 (t, J = 6.6 Hz, 2H), 2.13–2.00 (m, 
6H), 1.57–1.50 (m, 8H), 0.89 (s, 9H), 0.05 (s, 6H).  13C-NMR (100 MHz, CDCl3): δ 140.0, 
120.8, 62.7, 37.2, 33.3, 28.7, 28.6, 27.8, 27.0, 26.0, 23.3, 18.3, –5.3.  IR (neat, cm-1): 2928, 
1102, 837.  MS m/z: 211 ([M–tBu]+), 211 (100%).  HRMS (EI): Calcd. for C12H23OSi 
211.1518 (M+); found: 211.1509. 
 
• Ethyl 3-cyclohexylidene-2,2-dimethylpropanoate (E29) 

















Ethyl 3-cyclohexyl-3-hydroxy-2,2-dimethylpropanoate (E28) 
  To a flame-dried 50 mL 2-necked flask were added iPr2NH (911 µL, 6.50 mmol) and THF 
(10 mL) at room temperature. The mixture was cooled to –78 °C and then nBuLi (1.56 M in 
hexane, 3.8 mL, 6.0 mmol) was added slowly to the mixture. The mixture was stirred for 1 h at 
0 °C and then cooled to –78 °C. Ethyl isobutyrate (E26, 419 µL, 5.00 mmol) was added to the 
mixture at –78 °C. The mixture was stirred for 1 h at the same temperature. Cyclohexane 
carbaldehyde (E27, 905 µL, 7.50 mmol) was added to the mixture at –78 °C. The mixture was 
stirred for 30 min at the same temperature and then for another 1 h at room temperature. The 
mixture was treated with sat. aq. NH4Cl and extracted with AcOEt (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 8) to afford ethyl 
3-cyclohexyl-3-hydroxy-2,2-dimethylpropanoate (E28, 762 mg, 3.34 mmol, 67%) as a colorless 
oil. 
1H-NMR (400 MHz, CDCl3): 4.16 (t, J = 7.1 Hz, 2H), 3.34 (dd, J = 8.8, 3.6 Hz, 1H), 2.88 (d, J 
= 8.8 Hz, 1H), 1.74–1.09 (m, 10H), 1.272 (t, J = 7.1 Hz, 3H), 1.268 (s, 3H), 1.18 (s, 3H).  
13C-NMR (100 MHz, CDCl3): δ 178.2, 81.6, 60.7, 45.7, 40.3, 31.7, 26.8, 26.7, 26.3, 26.2, 23.8, 
22.5, 14.0.  IR (neat, cm-1): 3487, 2926, 1725.  HRMS (ESI-pos): Calcd. for C13H24O3Na 
251.1618 ([M+Na]+); found: 251.1606. 
 
Ethyl 3-cyclohexylidene-2,2-dimethylpropanoate (E29) 
  To a solution of 3-cyclohexyl-3-hydroxy-2,2-dimethylpropanoate (E28, 685 mg, 3.00 mmol), 
Et3N (976 µL, 7.00 mmol) and Me3N·HCl (28.7 mg, 300 µmol) in toluene (7 mL) was added 
MsCl (464 µL, 6.00 mmol) slowly at 0 °C. The mixture was stirred for 3 h at the same 
temperature. The mixture was treated with H2O and extracted with AcOEt (3 times). The 
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purified with flash column chromatography (AcOEt : hexane = 1 : 10) to afford a pale yellow 
oil containing ethyl 3-cyclohexyl-2,2-dimethyl-3-((methylsulfonyl)oxy)propanoate (492 mg). 
The oil was used in the next reaction without further purification. DBU (2 mL) was added to the 
oil (492 mg) at room temperature. The mixture was stirred for 5 h at 120 °C and then for 
another 2 h at 140 °C. After being cooled to room temperature, the mixture was diluted Et2O 
and H2O and extracted with Et2O (3 times). The organic layer was washed with brine, dried over 
MgSO4 and evaporated. The residue was purified with flash column chromatography (AcOEt : 
hexane = 1 : 200 to 1 : 100) to afford ethyl 3-cyclohexylidene-2,2-dimethylpropanoate (E29, 
248 mg, 1.18 mmol, 39% for 2 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 5.15 (s, 1H), 4.13 (q, J = 7.2 Hz, 1H), 4.12 (q, J = 7.2 Hz, 1H), 
2.04 (t, J = 5.7 Hz, 2H), 1.99 (t, J = 5.7 Hz, 2H), 1.57–1.45 (m, 6H), 1.292 (s, 3H), 1.287 (s, 
3H) 1.25 (t, J = 7.2 Hz, 1.5H), 1.24 (t, J = 7.2 Hz, 1.5H).  13C-NMR (100 MHz, CDCl3): δ 
178.3, 141.6, 127.00, 126.98, 60.5, 42.1, 37.5, 29.6, 28.5, 27.8, 27.2, 26.5, 14.2.  IR (neat, 
cm-1): 2929, 1728, 1139.  HRMS (ESI-pos): Calcd. for C13H22O2Na 233.1512 ([M+Na]+); 
found: 233.1500. 
 
• 5-(3-Ethylpent-2-en-1-yl)-2,2-dimethyl-1,3-dioxane (E33) 
Scheme E-17: Synthesis of 5-(3-ethylpent-2-en-1-yl)-2,2-dimethyl-1,3-dioxane (E33) 
 
Ethyl 3-ethylpent-2-enoate (E31) 
  To a suspension of NaH (60%, 720 mg, 18 mmol) in THF (15 mL) was added triethyl 
phosphonoacetate (3.2 mL, 16 mmol) slowly at 0 °C. The mixture was stirred for 1 h at 0 °C. 
After being cooled to 0 °C, 3-pentanone (E30, 861 mg, 10.0 mmol) in THF (5 mL) was added 
slowly to the mixture. The mixture was stirred overnight at 60 °C. The mixture was quenched 
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dried over MgSO4 and evaporated. The residue was purified with flash column chromatography 
(AcOEt : hexane = 1 : 50) to afford ethyl 3-ethylpent-2-enoate (E31, 862 mg, 5.52 mmol, 55%) 
as a colorless oil.  
1H-NMR (400 MHz, CDCl3): 5.60 (s, 1H), 4.15 (q, J = 7.3 Hz, 2H), 2.62 (q, J = 7.5 Hz, 2H), 
2.19 (q, J = 7.5 Hz, 2H), 1.28 (t, J = 7.3 Hz, 3H), 1.07 (t, J = 7.5 Hz, 6H).  13C-NMR (100 
MHz, CDCl3): δ 167.2, 166.6, 113.8, 59.4, 30.7, 25.4, 14.3, 13.0, 12.0.  IR (neat, cm-1): 2973, 
1716, 1645, 1205, 1148.  HRMS (ESI-pos): Calcd. for C9H16O2Na 179.1043 ([M+Na]+); 
found: 179.1035. 
 
Dimethyl 2-(3-ethylpent-2-en-1-yl)malonate (E32) 
  To a solution of ethyl 3-ethylpent-2-enoate (E31, 781 mg, 5.00 mmol) in CH2Cl2 (25 mL) 
was added DIBAL-H (1.0 M, 11 mL, 11 mmol) slowly at –78 °C. The mixture was stirred for 
1.5 h at the same temperature. The mixture was treated with sat. aq. NH4Cl. Sat. aq. Rochelle 
salt was added to the mixture and the mixture was stirred for 1 h. The mixture was extracted 
with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with flash column chromatography (AcOEt : hexane = 1 : 
4) to afford a colorless oil containing 3-ethyl-2-penten-1-ol (572 mg). The oil was used in the 
next reaction without further purification. PBr3 (188 µL, 2.00 mmol) in CH2Cl2 (5 mL) was 
added slowly to a solution of the oil (572 mg) in CH2Cl2 (15 mL) at 0 °C. The mixture was 
stirred for 30 min at the same temperature. The mixture was treated with H2O and extracted 
with CH2Cl2 (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was used in the next reaction without further purification. Dimethyl 
malonate (569 µL, 5.00 mmol) was added to the suspension of NaH (60%, 220 mg, 5.5 mmol) 
in THF (15 mL) slowly at 0 °C. The mixture was stirred for 1 h at room temperature. The 
residue in THF (5 mL) was added to the mixture at 0 °C. The mixture was stirred for 3 h at 
room temperature. The mixture was treated with sat. aq. NH4Cl and extracted with Et2O (3 
times). The organic layer was washed with brine, dried over Na2SO4 and evaporated. The 
residue was purified with flash column chromatography (AcOEt : hexane = 1 : 15) to afford 
dimethyl 2-(3-ethylpent-2-en-1-yl)malonate (E32, 537 mg, 2.35 mmol, 47% for 3 steps) as a 
colorless oil. 
1H-NMR (400 MHz, CDCl3): 5.00 (t, J = 7.5 Hz, 1H), 3.73 (s, 6H), 3.37 (t, J = 7.5 Hz, 1H), 




3H), 0.955 (t, J = 7.6 Hz, 3H).  13C-NMR (100 MHz, CDCl3): δ 169.6, 146.4, 117.6, 52.4, 52.2, 
29.1, 27.1, 23.1, 13.1, 12.8.  IR (neat, cm-1): 2966, 1738.  MS m/z: 228 (M+), 96 (100%).  
HRMS (EI): Calcd. for C12H20O4 228.1362 (M+); found: 228.1371. 
 
5-(3-Ethylpent-2-en-1-yl)-2,2-dimethyl-1,3-dioxane (E33) 
  To a suspension of LiAlH4 (304 mg, 8.00 mmol) in THF (5 mL) was added dimethyl 
2-(3-ethylpent-2-en-1-yl)malonate (E32, 457 mg, 2.00 mmol) in THF (5 mL) slowly at 0 °C. 
The mixture was stirred for 3.5 h at room temperature. The mixture was treated with H2O. The 
mixture was treated sat. aq. Rochelle’s salt and stirred overnight. The mixture was extracted 
with AcOEt (3 times). The organic layer was dried over Na2SO4 and evaporated. The residue 
was used in the next reaction without further purification. 2,2-Dimethoxypropane (1.2 mL, 10 
mmol) was added to the solution of the residue and pTsOH·H2O (25 mg) in acetone (10 mL) at 
room temperature. The mixture was stirred for 1.5 h at the same temperature. The mixture was 
treated with sat. aq. NaHCO3 and extracted with Et2O (3 times). The organic layer was washed 
with brine, dried over MgSO4 and evaporated. The residue was purified with flash column 
chromatography (AcOEt : hexane = 1 : 20) to afford 
5-(3-ethylpent-2-en-1-yl)-2,2-dimethyl-1,3-dioxane (E33, 294 mg, 1.39 mmol, 69% for 2 steps) 
as a colorless oil. 
1H-NMR (400 MHz, CDCl3): 5.02 (t, J = 7.5 Hz, 1H), 3.86 (dd, J = 12.1, 4.8 Hz, 2H), 3.58 (dd, 
J = 12.1, 9.0 Hz, 2H), 2.03 (q, J = 7.8 Hz, 2H), 2.01 (q, J = 7.8 Hz, 2H), 1.96 (t, J = 7.5 Hz, 2H), 
1.87–1.78 (m, 1H), 1.43 (s, 3H), 1.40 (s, 3H), 0.97 (t, J = 7.8 Hz, 3H), 0.95 (t, J = 7.8 Hz, 3H).  
13C-NMR (100 MHz, CDCl3): δ 144.9, 118.9, 97.8, 64.7, 35.1, 29.1, 26.85, 26.81, 23.1, 21.2, 
13.1, 12.9.  IR (neat, cm-1): 2965, 1197.  MS m/z: 212 (M+), 95 (100%).  HRMS (EI): Calcd. 
for C13H24O2 212.1776 (M+); found: 212.1776. 
 
4-Ethylidene-1-tosylpiperidine (E35) 
Scheme E-18: Synthesis of 4-ethylidene-1-tosylpiperidine (E35) 
 
4-Ethylidene-1-tosylpiperidine (E35) 






–30 °C to rt




was added NaHMDS (1.9 M, 1.3 mL, 2.5 mmol) slowly at –30 °C (The color of mixture turned 
colorless to orange). The mixture was stirred for 30 min at the same temperature. 
N-tosyl-4-piperidinone (E3476, 507 mg, 2.00 mmol) was added slowly to the mixture. The 
mixture was stirred for 1 h at room temperature. The mixture was treated with sat. aq. NH4Cl 
and extracted with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 
and evaporated. The residue was purified with flash column chromatography (AcOEt : hexane = 
1 : 10) to afford 4-ethylidene-1-tosylpiperidine (E35, 362 mg, 1.37 mmol, 68%) as a white 
solid. 
colorless needles; mp 87 °C (hexane).  1H-NMR (400 MHz, CDCl3): 7.63 (dd, J = 8.1, 1.8 Hz, 
2H), 7.30 (d, J = 8.1 Hz, 2H), 5.22 (q, J = 6.8 Hz, 1H), 3.02–2.98 (m, 4H), 2.42 (s, 3H), 2.32 (t, 
J = 5.4 Hz, 2H), 2.24 (t, J = 5.2 Hz, 2H), 1.52 (d, J = 6.8 Hz, 3H).  13C-NMR (100 MHz, 
CDCl3): δ 143.3, 133.7, 133.5, 129.6, 127.7, 118.7, 48.0, 47.1, 35.2, 27.2, 21.5, 12.6.  IR (neat, 
cm-1): 2842, 1350, 1337, 1165.  MS m/z: 265 (M+), 265 (100%).  HRMS (EI): Calcd. for 
C14H19NO2S 265.1136 (M+); found: 265.1132. 
 
• 4-Ethylidenecyclohexyl benzoate (E38) 
Scheme E-19: Synthesis of 4-ethylidenecyclohexyl benzoate (E38) 
 
4-Oxocyclohexyl benzoate (E37) 
  To a suspension of 1,4-cyclohexanediol (E36, 3.0 g, 26 mmol) and ceric ammonium nitrate 
(CAN, 495 mg, 903 µmol) in MeCN-H2O (2.3:1, 42 mL) was added NaBrO3 (1.36 g, 9.03 
mmol) at room temperature. The mixture was refluxed for 1 h. After being cooled to room 
temperature, the mixture was diluted with H2O and extracted with AcOEt (10 times). The 
organic layer was dried over MgSO4 and evaporated. The residue was used in the next reaction 
without further purification. BzCl (3.0 mL, 26 mmol) was added to a solution of the residue, 
DMAP (315 mg, 2.58 mmol) and Et3N (5.4 mL, 39 mmol) in CH2Cl2 (50 mL) at 0 °C. The 
mixture was stirred for 2 h at room temperature. Additional BzCl (1.5 mL, 13 mmol) was added 
to the mixture and the mixture was stirred for 3 h at the same temperature. The mixture was 
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and evaporated purified with flash column chromatography (AcOEt : hexane = 1 : 8) to afford 
4-oxocyclohexyl benzoate (E37, 4.34 g, 19.9 mmol, 77%) as a pale-yellow solid. 
colorless plates: mp 58-59 °C (hexane)   1H-NMR (400 MHz, CDCl3): 8.07 (d, J = 7.4 Hz, 2H), 
7.59 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.4 Hz, 2H), 5.44 (m, 1H), 2.70–2.62 (m, 2H), 2.45 (dt, J = 
14.8, 5.7 Hz, 2H), 2.31–2.19 (m, 4H).  13C-NMR (100 MHz, CDCl3): δ 209.8, 165.7, 133.2, 
130.2, 129.5, 128.4, 69.0, 37.3, 30.5.  IR (neat, cm-1): 2965, 1709, 1275.  MS m/z: 218 (M+), 
96 (100%).  HRMS (EI): Calcd. for C13H14O3 218.00943 (M+); found: 218.9022. 
 
4-Ethylidenecyclohexyl benzoate (E38) 
  To a suspension of ethyltriphenylphosphonium bromide (928 mg, 2.50 mmol) in THF (5 mL) 
was added NaHMDS (1.9 M, 1.3 mL, 2.5 mmol) slowly at –30 °C (The color of mixture turned 
orange from colorless). The mixture was stirred for 30 min at 0 °C. After being cooled to –
30 °C, 4-oxocyclohexyl benzoate (E37, 437 mg, 2.00 mmol) in THF (5 mL) was added slowly 
to the mixture. The mixture was stirred for 2 h at 0 °C. The mixture was treated with sat. aq. 
NH4Cl and extracted with Et2O (3 times). The organic layer was washed with brine, dried over 
MgSO4 and evaporated. The residue was purified with flash column chromatography (AcOEt : 
hexane = 1 : 100) to afford 4-ethylidenecyclohexyl benzoate (E38, 302 mg, 1.31 mmol, 66%) as 
a colorless oil. 
colorless oil;  1H-NMR (400 MHz, CDCl3): 8.05 (d, J = 7.4 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 
7.43 (t, J = 7.4 Hz, 2H), 5.25 (q, J = 6.7 Hz, 1H), 5.20 (tt, J = 8.0, 4.0 Hz, 1H), 2.53–2.46 (m, 
1H), 2.37–2.33 (m, 1H), 2.15–2.09 (m, 2H), 1.98–1.93 (m, 2H), 1.78–1.68 (m, 2H), 1.61 (d, J = 
6.7 Hz, 3H).  13C-NMR (100 MHz, CDCl3): δ 166.0, 137.3, 132.7, 130.9, 129.5, 128.3, 116.8, 
72.5, 32.9, 32.7, 31.7, 24.2, 12.8.  IR (neat, cm-1): 2940, 1715, 1275.  MS m/z: 230 (M+), 108 
(100%).  HRMS (EI): Calcd. for C15H18O2 230.1307 (M+); found: 230.1313. 
 
• (+)-α-Pinene: purchased from commercial supplier and used as received. 
 
• Pregn-5-en-20-one (E41) 






  To a solution of pregnenolone (E39, 632 mg, 2.00 mmol), PPh3 (734 mg, 2.80 mmol) and 
imidazole (191 mg, 2.80 mmol) in CH2Cl2 (12 mL) was added I2 (711 mg, 2.80 mmol) at 0 °C. 
The mixture was stirred for 2 h at room temperature in dark. The mixture was treated with sat. 
aq. NaHCO3 and Na2SO3 and extracted with CH2Cl2 (3 times). The organic layer was dried over 
MgSO4 and evaporated. The residue was purified with flash column chromatography (AcOEt : 
hexane = 1 : 8) to afford 3β-iodo-pregn-5-en-20-one (E40, 704 mg, 1.65 mmol, 83%) as a white 
solid. 
colorless needles; mp 145–146 °C (hexane). [α]D25 +46.9 (c 0.443, CHCl3), 1H-NMR (400 MHz, 
CDCl3): 5.34–5.33 (m, 1H), 4.03 (tt, J = 12.6, 4.4 Hz, 1H), 2.96–2.90 (m, 1H), 2.68 (ddd, J = 
14.0, 4.4, 2.5 Hz, 1H), 2.52 (t, J = 9.0 Hz, 1H), 2.27–0.96 (m, 17H), 2.12 (s, 3H), 1.05 (s, 3H), 
0.63 (s, 3H).  13C-NMR (100 Hz, CDCl3): δ 209.4, 142.8, 121.4, 63.7, 56.9, 50.3, 46.3, 43.9, 
41.9, 38.7, 36.53, 36.50, 31.62, 31.61, 31.5, 30.0, 24.5, 22.9, 20.8, 19.2, 13.2.  IR (neat, cm-1): 
2928, 1698.  HRMS (ESI-pos): Calcd. for C21H31OINa 449.1312 ([M+Na]+); found: 449.1289. 
 
Pregn-5-en-20-one (E41) 
  To a solution of 3β-iodo-pregn-5-en-20-one (E40, 640 mg, 1.50 mmol) in AcOH (7.5 mL) 
was added activated Zn powder (392 mg, 6.00 mmol) at room temperature. The mixture was 
stirred for 4 h at 80 °C. The mixture was filtered through Celite® and the filtrate was neutralized 
with sat. aq. NaHCO3. The mixture was extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 15) to afford a white solid containing 
pregn-5-en-20-one (E41). The solid was recrystallized from hexane to afford pure 
pregn-5-en-20-one (E41, 338 mg, 1.12 mmol, 75%) as a colorless crystals. 
mp 130–131 °C (hexane).  [α]D26 +7.86 (c 0.429, CHCl3).  1H-NMR (400 MHz, CDCl3): 






























Hz, 1H), 1.75–1.43 (m, 10H), 1.28–1.11 (m, 3H), 1.07–1.00 (m, 2H), 1.00 (s, 3H), 0.63 (s, 3H).  
13C-NMR (100 MHz, CDCl3): δ 209.5, 143.7, 118.7, 63.8, 57.1, 50.5, 44.0, 39.9, 38.9, 37.5, 
32.8, 31.82, 31.76, 31.5, 28.0, 24.5, 22.8, 22.5, 20.8, 19.4, 13.2.  IR (neat, cm-1): 2943, 1700.  
HRMS (ESI-pos): Calcd. for C21H32ONa 323.2345 ([M+Na]+); found: 323.2325. 
 
• (4-Methylcyclohex-3-en-1-yl)methyl benzoate (149) 
Scheme E-21: Synthesis of (4-methylcyclohex-3-en-1-yl)methyl benzoate (149) 
 
4-Methylcyclohex-3-ene-1-carboxylic acid (E43) 
  To a mixture of ethyl acrylate (E42, 3.2 mL, 30 mmol) and isoprene (6.0 mL, 60 mmol) was 
added AlCl3 (402 mg, 3.00 mmol) at 0 °C. The mixture was stirred at the same temperaure for 2 
h. The mixture was treated with H2O at 0 °C and extracted with Et2O (3 times). The organic 
layer was washed with brine, dried over MgSO4 and evaporated. The residue was dissolved in 
EtOH (30 mL). 10% aq. NaOH (30 mL) was added to the solution at room temperature. The 
mixture was stirred for 3 h at 50 °C. After cooling to room temperature, the mixture was 
back-extracted with Et2O (once). The aqueous layer was acidified with 10% aq. HCl and 
extracted with Et2O (5 times). The organic layer was dried over MgSO4 and evaporated. The 
resulting white solid was recrystallized from hexane to give 
4-methylcyclohex-3-ene-1-carboxylic acid (E43, 776 mg, 5.54 mmol, 18%) as colorless 
crystals. 
mp 97 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 5.38 (br s, 1H), 2.57–2.50 (m, 1H), 2.26 
(br s, 2H), 2.02 (br s, 3H), 1.79–1.70 (m, 1H), 1.66 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 
181.9, 133.8, 119.0, 39.0, 29.1, 27.4, 25.2, 23.4.  IR (neat, cm-1): 3469, 1699.  MS m/z: 140 
(M+), 94 (100%).  HRMS (EI): Calcd. for C8H12O2 140.0837 (M+), found: 140.0832. 
 
(4-Methylcyclohex-3-en-1-yl)methyl benzoate (149) 
  To a suspension of LiAlH4 (159 mg, 4.20 mmol) in THF (10 mL) was added 
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mixture was stirred at room temperature for 1 h. The mixture was treated with H2O at 0 °C and 
sat. aq. Rochelle salt and stirred at room temperature for 30 min. The solution was extracted 
with Et2O (3 times). The organic layer was washed with brine and dried over MgSO4 and 
evaporated. The residue was used in the next reaction without further purification. BzCl (256 
µL, 2.20 mmol) was added to a solution of the residue, Et3N (418 µL, 2.20 mmol) and DMAP 
(24.4 mg, 200 µmol) in CH2Cl2 (10 mL) slowly at 0 °C. The mixture was stirred at room 
temperature for 4 h. Additional BzCl (128 µL, 1.10 mmol) was added to a solution. The mixture 
was stirred at room temperature for 2 h. The mixture was diluted with H2O and extracted with 
CH2Cl2 (3 times). The organic layer was washed with brine and dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (AcOEt-hexane = 1 : 50) to 
afford (4-methylcyclohex-3-en-1-yl)methyl benzoate (143, 426 mg, 1.85 mmol, 92% for 2 
steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 
Hz, 2H), 5.39 (br s, 1H), 4.22 (d, J = 6.8 Hz, 2H), 2.20–2.16 (m, 1H), 2.08–2.10 (m, 3H), 1.89–
1.82 (m, 2H), 1.66 (s, 3H), 1.44 (double triple doublet, J = 12.4, 10.4, 6.0 Hz, 1H). 13C-NMR 
(100 MHz, CDCl3): δ 166.7, 134.1, 132.8, 130.5, 129.5, 128.3, 119.5, 69.2, 33.1, 29.3, 28.4, 
25.8, 23.5  IR (neat, cm-1): 2913,1719.  MS m/z: 231 ([M+H]+), 108 (100%).  HRMS (EI): 
Calcd. for C15H19O2 231.1404 (M+), found: 231.1385. 
• (E)-5-Phenylhex-4-enenitrile: synthesized according to previous reports.77 
 
Characterization data of resulting enones 
6-Benzoyloxy-2-methyl-3-oxo-2-hexene (89) 
pale yellow oil;  1H-NMR (400 MHz, CDCl3): δ 8.03 (d, J = 7.6 Hz, 2 H), 
7.56 (t, J = 7.6 Hz, 1 H), 7.44 (t, J = 7.6 Hz, 2 H), 5.98 (s, 1H), 5.78 (s, 1H), 
4.36 (t, J = 6.9 Hz, 2 H), 2.87 (t, J = 6.9 Hz, 2 H), 2.12 (quint, J = 6.9 Hz, 2 H), 1.89 (s, 3H).  
13C-NMR (100 MHz, CDCl3): δ 200.7, 166.5, 144.5, 132.9, 130.3, 129.5, 128.3, 124.7, 64.3, 
33.8, 23.5, 17.6.  IR (neat, cm-1): 2959, 1718, 1678, 1274.  MS m/z: 232 (M+), 105 (100%).  
HRMS (EI): Calcd. for C14H16O3 232.1099 (M+), found: 232.1103. 
 
2-(5-Methyl-4-oxohex-5-en-1-yl)isoindoline-1,3-dione (99) 
colorless plates; mp 67–68 °C (hexane).  1H-NMR (400 MHz, 










5.76 (s, 1H), 3.75 (t, J = 6.8 Hz, 2H), 2.77 (t, J = 6.8 Hz, 2H), 2.02 (quint, J = 6.8 Hz, 2H), 1.85 
(s, 3H).  13C-NMR (100 MHz, CDCl3): δ 200.5, 168.4, 144.3, 133.9, 132.1, 124.6, 123.2, 37.4, 
34.6, 23.2, 17.6.  IR (neat, cm-1): 2925, 1709.  MS m/z: 257 (M+), 110 (100%).  HRMS (EI): 
Calcd. for C15H15NO3 257.1052 (M+), found: 257.1042. 
 
2-Methyl-6-phenylhex-1-en-3-one (100) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.30–7.27 (m, 2H), 
7.20–7.17 (m, 3H), 5.89 (s, 1H), 5.73 (s, 1H), 2.70 (t, J = 7.6 Hz, 2 H), 2.65 (t, J = 7.6 Hz, 2 H), 
1.96 (quint, J = 7.6 Hz, 2 H), 1.87 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 201.9, 144.6, 
141.8, 128.5, 128.4, 125.9, 124.4, 36.6, 35.2, 26.0, 17.6.  IR (neat, cm-1): 2925, 1677.  HRMS 
(ESI-pos): Calcd. for C13H16ONa 211.1093 ([M+Na]+); found: 211.1083. 
6-(4-Methoxyphenyl)-2-methylhex-1-en-3-one (101)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.09 (d, J =8.4 
Hz, 2H) 6.83 (d, J = 8.4 Hz, 2H), 5.89 (s, 1H), 5.73 (s, 1H), 3.78 
(s, 3H), 2.68 (t, J = 7.4 Hz, 2H), 2.59 (t, J = 7.4 Hz, 2H), 1.92 
(quint, J =7.4 Hz, 2H), 1.86 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 201.9, 157.8, 144.5, 
133.8, 129.3, 124.3, 113.8, 55.2, 36.6, 34.3, 26.2, 17.6.  IR (neat, cm-1): 2932, 1676, 1512, 
1245.  MS m/z: 232 (M+), 105 (100%).  HRMS (EI): Calcd. for C14H18O2 218.1307 (M+), 
found: 218.1317. 
 
6-(4-Bromophenyl)-2-methylhex-1-en-3-one (102)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.4 Hz, 
2H) 7.05 (d, J = 8.4 Hz, 2H), 5.90 (s, 1H), 5.75 (d, J = 1.2 Hz, 1H), 
2.68 (t, J = 7.2 Hz, 2H), 2.60 (t, J = 7.2 Hz, 2H), 1.93 (quint, J = 7.2 
Hz, 2H), 1.87 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 201.6, 144.5, 140.7, 131.4, 130.2, 
124.5, 119.6, 36.3, 34.6, 25.7, 17.6.  IR (neat, cm-1): 2925, 1677, 1488.  HRMS (ESI-pos): 
Calcd. for C13H15O79Br 289.0198 ([M+Na]+); found: 289.0183, Calcd. C13H15O81BrNa 291.0178 
([M+2+Na]+) found: 291.0162. 
 
Ethyl 3-methacryloyl-2,2-dimethylcyclopropane-1-carboxylate (103) 
major isomer (trans): colorless oil;  1H-NMR (400 MHz, CDCl3): 










2.41 (d, J = 6.0 Hz, 1H), 1.90 (s, 3 H), 1.37 (s, 3H), 1.27 (t, J = 7.6 Hz, 3H), 1.09 (s, 3H).  
13C-NMR (100 MHz, CDCl3): δ 197.3, 170.9, 145.7, 125.2, 60.7, 38.2, 32.7, 32.2, 20.1, 20.0, 
17.5, 14.3.  IR (neat, cm-1): 2956, 1727, 1669, 1230, 1173.  HRMS (ESI-pos): Calcd. for 
C12H18O3Na 233.1148 (M+), found: 233.1133. 
 
minor isomer (cis): colorless oil;  1H-NMR (400 MHz, CDCl3): δ 5.94 
(s, 1H), 5.76 (s, 1H), 4.15 (q, J = 7.2 Hz, 2H), 2.31 (d, J = 9.2 Hz, 1H), 
1.91 (d, J = 9.2 Hz, 1H), 1.87 (s, 3 H), 1.31 (s, 3H), 1.27 (s, 3H), 1.25 (t, 
J = 7.2 Hz, 3H).  13C-NMR (100 MHz, CDCl3): δ 196.7, 169.8, 145.7, 
124.2, 60.4, 36.0, 32.7, 28.1, 27.2, 17.4, 15.6, 14.2  IR (neat, cm-1): 2958, 1727, 1674, 1176, 
1115.  HRMS (ESI-pos): Calcd. for C12H18O3Na 233.1148 (M+), found: 233.1132.  
 
(R)-8-((tert-Butyldimethylsilyl)oxy)-2,6-dimethyloct-1-en-3-one (104) 
pale yellow oil;  [α]D26 –0.33 (c 0.30, CHCl3). 1H-NMR (400 MHz, 
CDCl3): δ  5.95 (s, 1H), 5.75 (s, 1H), 3.68–3.61 (m, 2H), 2.68 (dt, J = 10.0, 
6.4 Hz, 2H), 1.87 (s, 3H), 1.64–1.26 (m, 5H), 0.91 (d, J = 6.4 Hz, 3H), 0.89 
(s, 9H), 0.04 (s, 6H).  13C-NMR (100 MHz, CDCl3): δ 202.5, 144.6, 124.2, 
61.2, 39.7, 35.2, 31.7, 29.4, 25.9, 19.5, 18.3, 17.7, –5.29, –5.31.  IR (neat, cm-1): 2928, 1681, 
1094, 836, 775.  MS m/z: 227 ([M–tBu]+) 75 (100%).  HRMS (EI): Calcd. for C12H23O2Si 
227.1467 (M+), found: 227.1496. 
 
N,N-Diethyl-3,7-dimethyl-6-oxooct-7-enamide (105) 
pale yellow oil;  1H-NMR (400 MHz, CDCl3): δ  5.96 (s, 1H), 5.75 (s, 1H), 
3.37 (q, J = 7.2 Hz, 2H), 3.31 (q, J = 7.2 Hz, 2H), 2.73 (dt, J = 10.0, 5.6 Hz, 
2H), 2.28 (dd, J = 14.8, 6.0 Hz, 1H), 2.15 (dd, J = 14.8, 8.0 Hz, 1H), 2.14–
2.06 (m, 1H), 1.87 (s, 3H), 1.73–1.65 (m, 1H), 1.54-1.45 (m, 1H), 1.17 (t, J 
= 7.2 Hz, 3H), 1.11 (t, J = 7.2 Hz, 3H), 0.96 (d, J = 6.0 Hz, 3H).  13C-NMR (100 MHz, 
CDCl3): δ 202.2, 171.3, 144.5, 124.4, 42.1, 40.3, 40.2, 35.5, 31.6, 30.3, 19.9, 17.7, 14.5, 13.2.  
IR (neat, cm-1): 2967, 1675, 1637.  MS m/z: 239 (M+) 115 (100%).  HRMS (EI): Calcd. for 
C14H25NO2 239.1885 (M+), found: 239.1883. 
 











pale yellow oil;  1H-NMR (400 MHz, CDCl3): δ  5.95 (s, 1H), 
5.85-5.77 (m, 1H), 5.77 (s, 1H), 5.06–4.98 (m, 2H), 4.08 (t, J = 7.0 
Hz, 2H), 2.73–2.68 (m, 2H), 2.32 (dd, J = 14.8, 6.0 Hz, 1H), 2.19–
2.10 (m, 3H), 2.03–1.96 (m, 1H), 1.87 (s, 3H), 1.76–1.63 (m, 1H), 
1.73 (t, J = 7.0 Hz, 2H), 1.59–1.50 (m, 1H), 0.97 (d, J = 6.4 Hz, 3H).  13C-NMR (100 MHz, 
CDCl3): δ 201.8, 172.9, 144.5, 137.5, 124.4, 115.3, 63.7, 41.6, 35.0, 31.2, 30.11, 30.06, 27.8, 
19.6, 17.7.  IR (neat, cm-1): 2958, 1734, 1679.  MS m/z: 252 (M+) 69 (100%).  HRMS (EI): 
Calcd. for C15H24O3 252.1725 (M+), found: 252.1705. 
 
tert-Butyl 2-(3-methyl-2-oxobut-3-en-1-yl)piperidine-1-carboxylate (107)  
pale yellow oil;  1H-NMR (400 MHz, CDCl3): δ  6.03 (s, 1H), 5.83 (s, 
1H), 4.69–4.68 (m, 1H), 3.98 (m, 1H), 2.96–2.79 (m, 3H), 1.86 (s, 3H), 
1.65–1.39 (m, 6H), 1.44 (s, 9H).  13C-NMR (100 MHz, CDCl3): δ 200.3, 
154.8, 144.6, 125.1, 79.5, 48.5, 39.4, 38.2, 28.4, 28.2, 25.3, 18.9, 17.6.  IR 
(neat, cm-1): 2932, 1690, 1166.  MS m/z: 267 (M+) 84 (100%).  HRMS (EI): Calcd. for 
C15H25NO3 267.1834 (M+), found: 267.1829. 
 
4-((tert-Butyldimethylsilyl)oxy)-1-(cyclohex-1-en-1-yl)butan-1-one (108) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ  6.93–6.92 (m, 1H), 
3.63 (t, J = 6.8 Hz, 2H), 2.70 (t, J = 6.8 Hz, 2H), 2.24–2.23 (m, 4H), 
1.83 (quint, J = 6.8 Hz, 2H), 1.62–1.59 (m, 4H), 0.89 (s, 9H), 0.04 (s, 
6H).  13C-NMR (100 MHz, CDCl3): δ 201.4, 139.5, 139.3, 62.4, 33.3, 27.8, 26.1, 25.9, 23.2, 
22.0, 21.6, 18.3, –5.3.  IR (neat, cm-1): 2929, 1669, 1102, 835.  MS m/z: 225 ([M-tBu]+) 225 
(100%).  HRMS (EI): Calcd. for C12H21O2Si 225.1311 (M+), found: 225.1304. 
 
Ethyl 3-(cyclohex-1-en-1-yl)-2,2-dimethyl-3-oxopropanoate (109)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ  6.63 (s, 1H), 4.15 (q, J = 
7.2 Hz, 2H), 2.21–2.18 (m, 4H), 1.63–1.55 (m, 4H), 1.41 (s, 6H), 1.19 (t, 
J = 7.2 Hz, 3H).  13C-NMR (100 MHz, CDCl3): δ 198.9, 175.5, 139.2, 
136.9, 61.0, 52.7, 26.0, 24.4, 24.0, 22.0, 21.5, 14.0.  IR (neat, cm-1): 2929, 1669, 1102, 835.  
















(E)-1-(2,2-Dimethyl-1,3-dioxan-5-yl)-3-ethylpent-3-en-2-one (110)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ  6.75 (q, J = 7.2 Hz, 
1H), 4.00 (dd, J = 12.0, 4.0 Hz, 2H), 3.59 (dd, J = 12.0, 6.0 Hz, 2H), 
2.78 (d, J = 6.8 Hz, 2H), 2.31 (q, J = 7.6 Hz, 2H), 2.24 (m, 1H), 1.88 
(d, J = 7.2 Hz, 3H), 1.43 (s, 3H), 1.42 (s, 3H), 0.93 (t, J = 7.6 Hz, 
3H).  13C-NMR (100 MHz, CDCl3): δ 199.5, 144.6, 137.3, 98.0, 64.2, 36.8, 30.7, 24.4, 23.4, 
18.5, 14.4, 13.4.  IR (neat, cm-1): 2967, 1666, 1198, 1156.  HRMS (ESI-pos): Calcd. for 
C13H22O3Na 249.1461 (M+), found: 249.1446.  
 
1-(1-Tosyl-1,2,3,6-tetrahydropyridin-4-yl)ethan-1-one (111)  
yellow oil;  1H-NMR (400 MHz, CDCl3): δ 7.69 (d, J = 8.4 Hz, 2H), 7.33 (d, 
J = 8.4 Hz, 2H), 6.69 (m, 1H), 3.82 (q, J = 2.9 Hz, 2H), 3.19 (t, J = 5.8 Hz, 
2H), 2.43 (m, 5H), 2.28 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 197.1, 
143.9, 137.5, 133.9, 132.9, 129.8, 127.6, 44.8, 42.5, 25.1, 23.4, 21.5.  IR (neat, cm-1): 2923, 
1671, 1165.  MS m/z: 279 (M +) 236 (100%).  HRMS (EI): Calcd. for C14H17NO3S 279.0929 
(M+), found: 279.0935. 
4-Acetylcyclohex-3-en-1-yl benzoate (112) 
colorless crystals; mp 63–64 °C (hexane).  1H-NMR (400 MHz, CDCl3): 
δ 8.01 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 
6.82 (m, 1H), 5.35–5.30 (m, 1H), 2.77–2.73 (m, 2H), 2.55–2.41 (m, 2H), 2.33 (s, 3H), 2.01–
1.95 (m, 2H).  13C-NMR (100 MHz, CDCl3): δ 198.5, 166.0, 139.2, 136.6, 132.9, 130.4, 129.5, 
128.3, 68.6, 31.4, 26.5, 25.2, 20.3.  IR (neat, cm-1): 2925, 1713, 1667, 1274.  MS m/z: 244 (M 
+) 122 (100%).  HRMS (EI): Calcd. for C15H16O3 244.1099 (M+), found: 244.1100. 
 
Pinocarvone (44) 
colorless oil.  [α]D26 –29.7 (c 0.326, CHCl3). [lit. [α]D20 –60.0 (c 2, CHCl3), 
Karolak-Wojciechowska, J. et al. Tetrahedron Asymm. 2006, 17, 434.]. 1H-NMR 
(400 MHz, CDCl3): δ 5.98 (s, 1H), 5.02 (s, 1H), 2.77 (t, J = 5.8 Hz, 1H), 2.71-2.66 (m, 2H), 
2.53 (dd, J = 19.4, 3.0 Hz, 1H), 2.21 (m, 1H), 1.37 (s, 3H), 1.31 (d, J = 10.4 Hz, 1H), 0.82 (s, 
3H).  13C-NMR (100 MHz, CDCl3): δ 200.1, 149.1, 117.5, 48.3, 42.5, 40.8, 38.6, 32.5, 26.0, 













(M+), found: 173.0930.  
 
Pregn-4-ene-6,20-dione (113) 
colorless crystals; mp 110–111 °C (hexane).  [α]D26 +96.4 (c 0.307, 
CHCl3).  1H-NMR (400 MHz, CDCl3): δ 6.42 (s, 1H), 2.57–2.54 (m, 
2H), 2.17–2.09 (m, 4H), 2.13 (s, 3H), 1.96–1.48 (m, 10H), 1.26 (m, 4H), 
0.98 (s, 3H), 0.67 (s, 3H).  13C-NMR (100 MHz, CDCl3): δ 209.1, 
202.6, 145.6, 133.0, 63.4, 56.8, 50.8, 45.7, 44.0, 38.5, 37.7, 35.5, 33.6, 31.4, 25.5, 24.1, 22.8, 
21.3, 20.3, 17.8, 13.3.  IR (neat, cm-1): 2939, 1703, 1685.  MS m/z: 314 (M +) 314 (100%).  











Experimental procedure of synthesis of 1,3-cycloalkadienes employing 
azaadamantane-type oxoammonium salt 
 
• Initial attempt (Scheme 3-1) 
 
  To a solution of 4-benzoyloxymethyl-1-cyclohexene (116, 20.0 mg, 92.5 µmol) in MeCN (1 
mL) was added 5-F-AZADO+BF4– (97, 26.2 mg, 102 µmol) at room temperature. The mixture 
was stirred at room temperature for 6 h. The mixture was treated with sat. aq. NaHCO3 (ca. 2 
mL) and extracted with CH2Cl2 (3 times). The organic layer was washed with brine, dried over 
MgSO4 and evaporated. The residue was purified with flash column chromatography (AcOEt : 
hexane = 1 : 20) to afford 5-benzoyloxymethyl-1,3-cyclohexadiene (117, 10.2 mg, 44.8 µmol, 
48%) as a colorless oil and a mixture of alkoxyamine 118 and 119 (4.46 mg, 11.6 µmol, 13 %) 
as a colorless oil. 
Structure of 118 and 119 were presumed from the data described below. 
1H-NMR (400 MHz, CDCl3): δ 8.06–8.03 (m, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 
2H), 5.96–5.79 (m, 2H), 4.31–4.13 (m, 3H), 3.56–3.51 (br m, 1.6H), 3.42–3.37 (br m, 0.4H), 
2.64–1.17 (m, 16H).  IR (neat, cm–1): 2929, 1719, 1272.  MS m/z: 386 ([M+H]+), 93 (100%).  































• Optimized conditions  
Scheme E-22: 
 
  To a solution of 4-benzoyloxymethyl-1-cyclohexene (116, 20.0 mg, 92.5 µmol) in MeCN 
(200 µL) was added 4-Cl-AZADO+BF4– (63, 30.4 mg, 111 µmol) at ambient temperature. The 
reaction mixture was stirred at the same temperature for 2 h. DBU (41 µL, 280 µmol) was 
added to the reaction mixture and stirred for 2 h. The mixture was quenched with sat. aq. 
NaHCO3 and extracted with CH2Cl2 (3 times). The organic layer was washed with brine, dried 
over MgSO4 and evaporated. The residue was purified with flash column chromatography 
(AcOEt : hexane = 1 : 50 to 1:15) to afford 5-benzoyloxymethyl-1,3-cyclohexadiene (117, 12.8 
mg, 59.9 µmol, 65%) as a colorless oil and a mixture of alkoxyamine E44 and E45 (4.63 mg, 
11.5 µmol, 12%) and alkoxyamine E46 (2.34 mg, 5.82 µmol, 6%) as a colorless oil. 
mixture of E44 and E45:  1H-NMR (400 MHz, CDCl3): δ 8.06–8.03 (m, 2H), 7.56 (t, J = 7.4 
Hz, 1H), 7.44 (t, J = 7.4 Hz, 2H), 5.95–5.87 (m, 1H), 5.78 (br s, 1H), 4.89 (br s, 0.8H), 4.26–
4.12 (m, 3.2H), 3.33 (br s, 1H), 3.18–3.13 (m, 1H), 2.64 (m, 0.2H), 2.52 (m, 0.8H), 2.36–1.36 
(m, 14H).  IR (neat, cm–1): 2931, 1720, 1272.  HRMS (ESI-pos): Calcd. for C23H29NO3Cl 
402.1836 ([M+H]+), found: 402.1816. 
E46: 1H-NMR (400 MHz, CDCl3): δ 8.08–8.04 (m, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 
Hz, 2H), 5.95–5.84 (m, 1H), 4.83 (m, 0.8H), 4.52–4.21 (m, 3H), 4.11 (m, 0.2H), 3.33 (m, 1H), 
3.18 (br s, 1H), 2.45–1.65 (m, 15H).  IR (neat, cm–1): 2930, 1720, 1272.  HRMS (ESI-pos): 
Calcd. for C23H29NO3Cl 402.1836 ([M+H]+), found: 402.1821. 
 
Note: Structures of alkoxyamines E44-E46 were presumed from the enones E47-E49 obtained 





MeCN (0.5 M), rt., 2 h;





















Structures of enone E47-E49 were assumed from the previously reported 1H-NMR spectrum of 
similar compounds. 
E47: Trost, B. M.; Richardson, J.; Yong, K. J. Am. Chem. Soc. 2006, 128, 2540-2541 
E48: Zheng, S.; Chowdhury, A;. Ojima, I.; Honda, T. Tetrahedron 2013, 69, 2052-2055 
E49: Taber, D. F.; Kanai, K.; Jiang, Q.; Bul, G.; J. Am. Chem. Soc. 2000, 122, 6807-6808 
 
E47 and E48 (ca. 3:1):  1H-NMR (400 MHz, CDCl3): δ 8.04 (d, J = 8.0 Hz, 2H), 7.58 (m, 1H), 
7.46 (t, J = 8.0 Hz, 2H), 7.00 (ddd, J = 10.4, 5.4, 2.8 Hz, 0.75H), 6.96 (m, 0.25H), 6.13 (d, J = 
2.8 Hz, 0.25H), 6.09 (d, J = 10.4 Hz, 0.75H), 4.43 (dd, J = 11.2, 6.0 Hz, 0.25H), 4.35 (dd, J = 
11.2, 6.0 Hz, 0.25H), 4.32 (d, J = 5.2 Hz, 1.5H), 2.96 (m, 0.25H), 2.69-2.53 (m, 2.5H), 
2.48-2.28 (m, 2H), 1.97 (ddd, J = 13.6, 9.4, 4.2 Hz, 0.25H) 
E49:  1H-NMR (400 MHz, CDCl3): δ 8.02 (dd, J = 7.8, 1.4 Hz, 2H), 7.56 (t, J = 7.8 Hz, 1H), 
7.43 (t, J = 7.8 Hz, 2H), 7.04-6.99 (m, 1H), 6.08 (dt, J = 10.4, 1.9 Hz, 1H), 4.71 (dd, J = 11.2, 
4.6 Hz, 1H), 4.54 (dd, J = 11.2, 6.8 Hz, 1H), 2.82 (ddt, J = 12.8, 6.8, 4.5 Hz, 1H), 2.48-2.45 (m, 
2H), 2.27 (ddd, J = 13.2, 8.4, 3.6 Hz, 1H), 2.82 (tdd, J = 12.8, 6.8, 4.5 Hz, 1H), 1.99 (ddt, J = 

























• Substrate scope  
Scheme E-23: 
 
  To a solution of 4-benzoyloxymethyl-1-cyclohexene (116, 108 mg, 500 µmol) in MeCN (1 
mL) was added 4-Cl-AZADO+BF4– (164 mg, 600 µmol) at ambient temperature. The reaction 
mixture was stirred at the same temperature for 4 h. iPrOH (462 µL, 6.00 mmol) was added to 
the reaction mixture and the mixture was stirred for 5 min (The color of mixture changed from 
yellow to colorless). The mixture was concentrated under reduced pressure and the resulting 
residue was dissolved in MeCN (2 mL). DBU (224 µL, 1.50 mmol) was added to the reaction 
mixture at 0 °C and the mixture was stirred for 4 h at room temperature. The mixture was 
quenched with sat. aq. NaHCO3 and extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 50) to afford 
5-benzoyloxymethyl-1,3-cyclohexadiene (117, 68.6 mg, 320 µmol, 64%) as a colorless oil. 
Note: In 500 µmol scale, unignorable amount of aromatized product was contaminated in the 
isolated cyclohexadiene. Therefore, remaining oxoammonium salt was quenched by the 
addition of excess amount of iPrOH before the treatment of DBU. 
 
Synthesis of 5-F-AZADO+X– 
5-F-AZADO+X–s were synthesized according to Bobbitt’s protocol.xx 
Scheme E-24: Synthesis of 5-F-AZADO+BF4– 
 
  To a slurry of 5-F-AZADO (10, 500 mg, 2.94 mmol) in H2O (1.2 mL) was added 42% HBF4 
(513 µL, 3.23 mmol) dropwise at 0 °C. The mixture was stirred at room temperature for 5 min 
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iPrOH (12 eq.), 5 min;
evaporation;
DBU (3.0 eq.), MeCN (0.25 M)




















was added to the mixture dropwise at 0 °C. The mixture was stirred at room temperature for 5 
min. NaBF4 (323 mg, 2.94 mmol) was added to the mixture and the mixture was stirred for 10 
min at room temperature and for 2 h at 0 °C. The mixture was filtered and the yellow solid was 
washed with Et2O. The yellow solid was dried under reduced pressure to afford 
5-F-AZADO+BF4– (97, 711 mg, 2.78 mmol, 94%). 
 
5-F-AZADO+BF4– (97) 
94% yield, yellow crystals.  mp 160 °C (dec.) (H2O).  IR (ATR, cm-1): 1646, 1459, 1362, 
1105, 1031.  HRMS (ESI-pos) Calcd. for C9H13NOF (M+) : 170.0976, found: 170.0975.  
Anal.: Calcd. for C9H13NOBF5 : C, 42.06; H, 5.10; N, 5.45, found: C, 41.79; H, 5.10; N, 5.34.  
· 5-F-AZADO+ClO4– 
  The same procedure with 70% HClO4 and NaClO4 instead of 42% HBF4 and NaBF4 provided 
5-F-AZADO+ClO4– (89% yield). 
yellow crystal.  mp 217 °C (H2O).  IR (ATR, cm-1): 1644, 1360, 1103, 1064.  Anal.: Calcd. 
for C9H13NO5FCl : C, 40.09; H, 4.86; N, 5.19, found: C, 39.03; H, 4.74; N, 5.07.  
 
· 5-F-AZADO+PF6– 
Scheme E-25: Synthesis of 5-F-AZADO+PF6– 
 
  To a slurry of 5-F-AZADO (200 mg, 1.18 mmol) in H2O (400 µL) was added 60% HPF6 (190 
µL, 1.29 mmol) slowly at 0 °C. The mixture was stirred at room temperature for 25 min and a 
bright yellow precipitate was formed in the mixture. Aq. NaOCl (1.26 M, 468 µL, 590 µmol) 
was added to the mixture slowly at 0 °C. The mixture was stirred at room temperature for 10 
min and at 0 °C for 1.5 h. The mixture was filtered and the bright yellow solid was washed with 
Et2O. The bright yellow solid was dried under reduced pressure to afford 5-F-AZADO+PF6– 
(339 mg, 1.08 mmol, 92%). 
bright yellow crystal.  mp 177 °C (dec.) (H2O).  IR (ATR, cm-1): 1641, 1359, 1112, 1071, 826.  















  The same procedure with 65% HSbF6 instead of 60% HPF6 provided 5-F-AZADO+SbF6– 
(94% yield). 
bright yellow crystal.  mp 190 °C (dec.) (H2O).  IR (ATR, cm-1): 1644, 1069, 657.  Anal.: 
Calcd. for C9H13NOSbF7: C, 26.63; H, 3.23; N, 3.45, found: C, 26.78; H, 3.56; N, 3.40.  
 
· 5-F-AZADO+OTf– 
Scheme E-26: Synthesis of 5-F-AZADO+OTf– 
 
  To a solution of 5-F-AZADO (200 mg, 1.18 mmol) in Et2O (738 µL) was added TfOH (207 
µL, 2.35 mmol) slowly at 0 °C. The mixture was stirred at 0 °C for 1 h and a bright yellow 
precipitate was formed in the mixture. The mixture was filtered and the bright yellow solid was 
washed with Et2O. The bright yellow solid was dried under reduced pressure to afford 
5-F-AZADO+OTf– (262 mg, 820 µmol, 70%). 
bright yellow crystal.  mp 210 °C (H2O).  IR (ATR, cm-1): 1642, 1257, 1025.  Anal.: Calcd. 
for C10H13NO4F4S: C, 37.62; H, 4.10; N, 4.39, found: C, 37.37; H, 4.32; N, 4.28.  
 
· 5-F-AZADO+Cl– 
Scheme E-27: Synthesis of 5-F-AZADO+Cl– 
 
  To a solution of 5-F-AZADO (200 mg, 1.18 mmol) in CCl4 (4.0 mL) was bubbled Cl2 gas 
(generated from a mixture of MnO2 (1.02 g, 11.8 mmol) and conc. HCl (4.4 mL, 53.1 mmol) 
heated at 50 °C) at room temperature. The mixture was stirred at room temperature for 30 min 
and an orange precipitate was formed in the mixture. The mixture was filtered and the orange 
solid was washed with Et2O. The orange solid was dried under reduced pressure to afford 
5-F-AZADO+Cl– (222 mg, 1.08 mmol, 91%). 






















Calced. for C9H13NOF 170.0976, found: 170.0974. A result of elemental analysis was not in 
agreement with the theoretical value. 
 







  To a solution of N-benzyloxycarbonyl-endo-bicyclo[3.3.1]non-6-en-3-ylamide (122, 20.9 g, 
77.0 mmol) in CH2Cl2 (233 mL) was added TCCA (7.16 g, 30.8 mmol) in one portion at 0 °C. 
The reaction mixture was stirred at room temperature for 3.5 h. The reaction mixture was 
treated with sat. aq. NaHCO3 and Na2SO3 and extracted with CHCl3 (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (AcOEt : hexane = 1 : 15) to afford 
N-benzyloxycarbonyl-4-chloro-2-azaadamantane (127, 22.5 g, 73.6 mmol, 96%) as a colorless 
oil. 
1H-NMR (400 MHz, CDCl3): δ 7.37–7.28 (m, 5H) 5.19–5.11 (m, 2H), 4.42–4.30 (m, 1H), 4.34 
(br s, 1H), 4.24–4.22 (m, 1H), 2.31–2.29 (m, 2H), 2.20 (s, 1H), 2.02 (s, 1H), 1.94–1.91 (m, 2H), 
1.85–1.82 (m, 1H), 1.75–1.60 (m, 3H).  13C-NMR (100 MHz, CDCl3): δ 154.5, 154.3, 136.72, 
136.67, 128.5, 128.0, 127.8, 67.1, 61.8, 61.4, 51.8, 51.1, 46.2, 45.7, 36.9, 36.5, 35.3, 35.1, 34.1, 
29.2, 29.1, 28.5, 28.3, 25.6.  IR (neat, cm-1): 2930, 1699, 1415, 1299.  MS m/z: 305 (M+), 307 
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4-Chloro-2-azaadamantane N-oxyl (4-Cl-AZADO, 126) 
  To a solution of N-benzyloxycarbonyl-4-chloro-2-azaadamantane (127, 2.50 g, 8.20 mmol) in 
CHCl3 (41 mL) was added conc. HCl (3.4 mL, 41 mmol) at ambient temperature. 10% Pd/C 
(250 mg) was added under argon atomosphere at the same temperature. After the reaction flask 
was purged with H2 (3 times), the mixture was stirred for 3.75 h at room temperature under H2 
atmosphere (ballon). After the reaction flask was purged with argon, the mixtute was filtered 
through Celite®. The filtrate was basified with 10% aq. NaOH to pH 12 with external cooling 
and extracted with CHCl3 (3 times). The organic layer was dried over K2CO3 and evaporated. 
The residue was used directly to the next reaction without further purification. Urea hydrogen 
peroxide (UHP, 3.09 g, 32.8 mmol) was added to the suspension of the residue and 
Na2WO4•2H2O (825 mg, 4.10 mmol) in MeOH (41 mL) at 0 °C. The reaction mixture was 
stirred at the same temperature for 3 h. The reaction mixture was treated with sat. aq. NaHCO3 
and extracted with CHCl3 (3 times). The organic layer was washed with brine, dried over 
K2CO3 and evaporated. The residue was purified with column chromatography (AcOEt : hexane 
= 1 : 4) to afford 4-chloro-2-azaadamantane N-oxyl (126, 1.05 g, 5.60 mmol, 68% for 2 steps) 
as a yellow solid. 
yellow crystals; mp 115°C (hexane),  IR (neat, cm-1): 2933, 1444, 1339.  MS m/z: 186 (M+), 
186 (100%).  HRMS (EI): Calcd. for C9H13NOCl 186.0686 (M+), found: 186.0691.  Anal.: 
Calcd. for C9H13NOCl: C, 57.91; H, 7.02; N, 7.50, found: C, 58.03; H, 7.11; N, 7.41.  
 
4-Chloro-2-azaadamantane N-oxoammonium tetrafluoroborate (4-Cl-AZADO+BF4– , 63) 
  To 4-Cl-AZADO (126, 150 mg, 804 µmol) was added 42% aq. HBF4 (185 µL, 884 µmol) 
dropwise at 0 °C. The mixture was stirred at room temperature for 5 min and a yellow 
precipitate was formed in the mixture. Aq. NaOCl (1.52 M, 264 µL, 402 µmol) was added to 
the mixture dropwise at 0 °C. The mixture was stirred at room temperature for 5 min. NaBF4 
(88 mg, 804 µmol) was added to the mixture and the mixture was stirred for 10 min at room 
temperature and for 2 h at 0 °C. The mixture was filtered and the yellow solid was washed with 
Et2O. The yellow solid was dried under reduced pressure to afford 4-Chloro-2-azaadamantane 
N-oxoammonium tetrafluoroborate (4-ClAZADO+BF4–, 63, 181 mg, 661 µmol, 82%) as a 
yellow solid. 
yellow crystals.  mp 175 °C (H2O).  IR (ATR, cm-1): 1620, 1451, 1028.  HRMS (ESI-pos) 




39.53; H, 4.79; N, 5.12, found: C, 39.63; H, 4.87; N, 5.12.  
 
Preparation of the substrates 
 
• 4-Benzoyloxymethyl-1-cyclohexene (116) 
Scheme E-28: Synthesis of 4-benzoyloxymethyl-1-cyclohexene (116) 
 
4-Benzoyloxymethyl-1-cyclohexene (116) 
  To a suspension of LiAlH4 (900 mg, 23.7 mmol) in THF (16 mL) was added a solution of 
3-cyclohexene-1-carboxylic acid (E50, 1.00 g, 7.93 mmol) in THF (6 mL) slowly (via cannula) 
at 0 °C. The mixture was stirred at the same temperature for 1 h and at room temperature for 1 h. 
The mixture was treated with sat. aq. NH4Cl at 0 °C. Sat. aq. potassium sodium tartrate was 
added to the mixture and the mixture was stirred at room temperature for 30 min. The mixture 
was extracted with AcOEt (3 times). The organic layer was washed with brine and dried over 
MgSO4 and evaporated. The residue was used in the next reaction without purification. BzCl 
(1.1 mL, 7.9 mmol) was added to a solution of the residue, DMAP (96.9 mg, 793 µmol) and 
Et3N (1.3 mL, 9.5 mmol) in CH2Cl2 (16 mL) slowly at 0 °C. The mixture was stirred at room 
temperature for 2 h. The mixture was diluted with H2O and extracted with CH2Cl2 (3 times). 
The organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with column chromatography (AcOEt : hexane = 1 : 20) to afford 
4-benzoyloxymethyl-1-cyclohexene (116, 1.70 g, 7.87 mmol, 99%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.05 (dd, J = 7.9, 1.3 Hz, 2H) 7.55 (tt, J = 7.9, 1.3 Hz, 1H), 7.44 
(t, J = 7.9, 1.3 Hz, 2H), 5.70 (m, 2H), 4.24 (d, J = 7.2 Hz, 2H), 2.23–2.18 (m, 1H), 2.14–2.10 (m, 
3H), 1.92–1.85 (m, 2H), 1.46–1.40 (m, 1H).   13C-NMR (100 MHz, CDCl3): δ 166.6, 132.8, 
130.4, 129.5, 128.3, 127.1, 125.5, 69.2, 33.2, 28.2, 25.4, 24.5.  IR (neat, cm-1): 2917, 1719, 
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• 4-tert-Butyldiphenylsilyloxymethyl-1-cyclohexene (116) 
Scheme E-29: Synthesis of 4-tert-butyldiphenylsilyloxymethyl-1-cyclohexene (E52) 
 
3-Cyclohexene-1-methanol (E51) 
  To a suspension of LiAlH4 (4.50 g, 119 mmol) in THF (80 mL) was added a solution of 
3-cyclohexene-1-carboxylic acid (E50, 5.00 g, 39.7 mmol) in THF (30 mL) slowly (via 
cannula) at 0 °C. The mixture was stirred at the same temperature for 1 h and at room 
temperature for 1 h. The mixture was treated with sat. aq. NH4Cl at 0 °C. Sat. aq. potassium 
sodium tartrate was added to the mixture and the mixture was stirred at room temperature for 30 
min. The mixture was extracted with AcOEt (3 times). The organic layer was washed with brine, 
dried over MgSO4 and evaporated. The residue was purified with flash column chromatography 
(AcOEt : hexane = 1 : 4) to afford 3-cyclohexene-1-methanol (E51, 4.54 g, 40.4 mmol, quant.) 
as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 5.68 (s, 2H), 3.54 (br s, 2H), 2.14–2.05 (m, 3H), 1.83–1.71 (m, 
3H), 1.32–1.24 (m, 2H).  13C-NMR (100 MHz, CDCl3): δ 127.1, 125.9, 67.9, 36.3, 28.1, 25.2, 
24.6.  IR (neat, cm-1) 3325, 2916, 1435.  MS m/z: 112 (M+), 79 (100%).  HRMS (EI): Calcd. 
for C7H12O 112.0888 (M+), found: 112.0896. 
 
4-tert-Butyldiphenylsilyloxymethyl-1-cyclohexene (E52) 
  To a solution of 3-cyclohexene-1-methanol (E51, 337 mg, 3.00 mmol) and imidazole (306 
mg, 4.50 mmol) in DMF (15 mL) was added TBDPSCl (858 µL, 3.30 mmol) at 0 °C. The 
mixture was stirred at room temperature for 1 h. The mixture was treated with H2O and 
extracted with Et2O (3 times). The organic layer was washed with brine and dried over MgSO4 
and evaporated. The residue was purified with flash column chromatography (hexane then 
AcOEt : hexane = 1 : 100 to 1 : 50) to afford 4-t-butyldiphenylsilyloxymethyl-1-cyclohexene 
(E52, 855 mg, 2.44 mmol, 81%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.67 (dd, J = 7.6, 1.0 Hz, 2H) 7.42-7.36 (m, 3H), 5.66 (s, 2H), 
3.55 (d, J = 5.6 Hz, 2H), 2.12–2.04 (m, 3H), 1.83–1.80 (m, 3H), 1.30 (m, 1H), 1.05 (s, 9H).  
13C-NMR (100 MHz, CDCl3): δ 135.6, 134.1, 129.5, 127.6, 127.1, 126.3, 68.6, 36.4, 28.3, 26.9, 


















HRMS (EI): Calcd. for C19H21OSi 293.1362 ([M-tBu]+), found: 293.1364. 
 
• 4-Cinnamoyloxymethyl-1-cyclohexene (148) 
Scheme E-30: Synthesis of 4-cinnamoyloxymethyl-1-cyclohexene (148) 
 
4-Cinnamoyloxymethyl-1-cyclohexene (148) 
  To a solution of 3-cyclohexene-1-methanol (E51, 337 mg, 3.00 mmol), Et3N (627 µL, 4.50 
mmol) and DMAP (36.7 mg, 300 µmol) in CH2Cl2 (15 mL) was added cinnamyl chloride (462 
µL, 3.30 mmol) at 0 °C. The mixture was stirred at room temperature overnight. The mixture 
was treated with H2O and extracted with Et2O (3 times). The organic layer was washed with 
brine, dried over MgSO4 and evaporated. The residue was purified with flash column 
chromatography (AcOEt : hexane = 1 : 20) to afford 4-cinnamoyloxymethyl-1-cyclohexene 
(148, 653 mg, 2.70 mmol, 90%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.69 (d, J = 16.2 Hz, 1H), 7.54–7.52 (m, 2H), 7.39–7.38 (m, 
3H), 6.46 (d, J = 16.2 Hz, 1H), 5.69 (s, 1H), 4.12 (d, J = 6.4 Hz, 2H), 2.20–2.01 (m, 4H), 1.87–
1.80 (m, 2H), 1.43–1.33 (m, 1H).  13C-NMR (100 MHz, CDCl3): δ 167.1, 144.6, 134.5, 130.2, 
128.9, 128.1, 127.1, 125.5, 118.2, 68.8, 33.2, 28.2, 25.4, 24.4.  IR (neat, cm-1) 2911, 1713, 
1637, 1167.  MS m/z: 242 (M+), 94 (100%).  HRMS (EI): Calcd. for C16H18O2 242.1307 (M+), 
found: 242.1303. 
 
• 4-((4-Azidobutoxy)methyl)-1-cyclohexene (E55) 

































4-Azidobutyl methanesulfonate (E54) 
  To a solution of 4-azido-1-butanol34b (E53, 576 mg, 5.00 mmol) and Et3N (1.4 mL, 10 mmol) 
in CH2Cl2 (15 mL) was added MsCl (580 µL, 7.50 mmol) at 0 °C. The mixture was stirred at 
room temperature for 30 min. The mixture was treated with H2O and extracted with CH2Cl2 (3 
times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with flash column chromatography (AcOEt : hexane = 1 : 4) to afford 
4-azidobutyl methanesulfonate (E54, 883 mg, 4.57 mmol, 91%) as a yellow oil. 
1H-NMR (400 MHz, CDCl3): δ 4.27 (t, J = 6.4 Hz, 2H), 3.36 (t, J = 6.4 Hz, 2H), 3.02 (s, 3H), 
1.89–1.83 (m, 2H), 1.77–1.70 (m, 2H).  13C-NMR (100 MHz, CDCl3): δ 69.0, 50.7, 37.5, 26.5, 
25.1.  IR (neat, cm-1) 2926, 2095, 1350, 1170.  MS m/z: 194 ([M+H]+), 42 (100%).  HRMS 
(EI): Calcd. for C5H12N3O2S 194.0599 ([M+H]+), found: 194.0600. 
 
4-((4-Azidobutoxy)methyl)-1-cyclohexene (E55) 
  To a suspension of NaH (60%, 120 mg, 3.0 mmol) in DMF (5 mL), 
3-cyclohexene-1-methanol (E51, 269 mg, 2.40 mmol) in DMF (2 mL) was added slowly at 0 °C. 
The suspension was stirred for 30 min at the room temperature. 4-Azidobutyl methanesulfonate 
(E54, 386 mg, 2.00 mmol) in DMF (3 mL) was added to the suspension slowly at the same 
temperature. The mixture was stirred for 24 h at room temperature. The mixture was treated 
with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was washed with brine, 
dried over MgSO4 and evaporated. The residue was purified with column chromatography 
(AcOEt : hexane = 1 : 20) to afford 4-((4-azidobutoxy)methyl)-1-cyclohexene (E55, 302 mg, 
1.44 mmol, 72%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 5.67 (m, 2H), 3.44 (t, J = 5.8 Hz, 2H), 3.32–3.26 (m, 4H), 2.12–
2.04 (m, 3H), 1.89–1.64 (m, 7H), 1.28 (double double triplet, J = 12.8, 11.0, 8.0 Hz, 1H)  
13C-NMR (100 MHz, CDCl3): δ 127.1, 126.0, 75.9, 70.3, 51.3, 33.9, 28.5, 26.9, 25.9, 25.7, 24.6.  
IR (neat, cm-1) 2915, 2857, 2095.  MS m/z: 210 ([M+H]+), 79 (100%).  HRMS (EI): Calcd. 





• N-(Cyclohex-3-en-1-ylmethyl)phthalimide (E56) 
Scheme E-32: Synthesis of N-(cyclohex-3-en-1-ylmethyl)phthalimide (E56) 
 
N-(Cyclohex-3-en-1-ylmethyl)phthalimide (E56) 
  To a solution of 3-cyclohexene-1-methanol (E51, 561 mg, 5.00 mmol), phthalimide (1.03 g, 
7.00 mmol) and PPh3 (1.98 g, 7.50 mol) in THF (25 mL) was added DEAD (2.2 M in toluene, 
3.2 mL, 7.0 mmol) at 0 °C. The mixture was stirred at room temperature for 45 min. The 
mixture was treated with H2O and extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 8) to afford 
N-(cyclohex-3-en-1-ylmethyl)phthalimide (E56, 998 mg, 4.14 mmol, 83%) as a white solid. 
colorless crystals; mp 83 °C (hexane),  1H-NMR (400 MHz, CDCl3): δ 7.85 (dd, J = 5.8, 3.0 
Hz, 2H), 7.71 (dd, J = 5.8, 3.0 Hz, 2H), 5.65 (m, 2H), 3.63 (d, J = 6.4 Hz, 2H), 2.10–2.06 (m, 
4H), 1.84–1.82 (m, 1H), 1.76 (br d, J = 14.0 Hz, 1H), 1.39–1.28 (m, 1H).  13C-NMR (100 MHz, 
CDCl3): δ 168.7, 133.9, 132.1, 127.0, 125.3, 123.2, 43.4, 33.2, 29.3, 26.3, 24.5.  IR (neat, cm-1) 
2924, 1771, 1713.  MS m/z: 241 (M+), 94 (100%).  HRMS (EI): Calcd. for C15H15NO2 
241.1103 (M+), found: 241.1086. 
 
• Methyl (cyclohex-3-en-1-ylmethyl)(phenethyl)carbamate (E59) 
Scheme E-33: Synthesis of methyl (cyclohex-3-en-1-ylmethyl)(phenethyl)carbamate (E59) 
 
Methyl (cyclohex-3-en-1-ylmethyl)(phenethyl)carbamate (E59) 
  To a solution of 3-cyclohexene-1-carboxaldehyde (E57, 1.11 g, 10.0 mmol) and 
phenethylamine (E58, 1.21 g, 10.0 mol) in CH2Cl2 (50 mL) was added Na2SO4 (14.2 g, 100 
mmol) at room temperature. The suspension was refluxed for 4 h. After being cooled to room 
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concentrated under reduced pressure. The residue was dissolved in MeOH (50 mL), and then 
NaBH4 (567 mg, 15.0 mmol) was added to the solution slowly at 0 °C. The mixture was stirred 
at the same temperature for 1 h. 10% Aq. HCl was added to the mixture to acidify at pH 1 and 
the mixture was washed with Et2O (once). After the filtration through a pad of Celite®, the 
aqueous layer was basified with 10% aq. NaOH to pH 12 and extracted with CHCl3 (3 times). 
The organic layer was dried over K2CO3 and evaporated. The residue (509 mg) was dissolved in 
CH2Cl2 (10 mL). Et3N (647 µL, 3.48 mmol) and methyl chloroformate (270 µL, 3.48 mmol) 
was added the solution at 0 °C. The mixture was stirred at room temperature overnight. The 
mixture was treated with H2O and extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 15 to 1 : 4) to afford methyl 
(cyclohex-3-en-1-ylmethyl)(phenethyl)carbamate (E59, 245 mg, 896 µmol, 9% for 3 steps) as a 
colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.31–7.19 (m, 5H), 5.65–5.64 (m, 2H), 3.67 (br s, 3H), 3.44 (br 
s, 2H), 3.13–3.07 (m, 2H), 2.84 (br s, 2H), 2.04–1.89 (m, 4H), 1.68 (br s, 2H), 1.26 (m, 1H) 
13C-NMR (100 MHz, CDCl3): δ157.1, 139.1, 128.8, 128.5, 127.1, 126.3, 125.7, 53.0 52.4, 49.8, 
34.5, 33.0, 29.3, 26.3, 24.7 .  IR (neat, cm-1) 2916, 1703.  MS m/z: 273 (M+), 182 (100%).  
HRMS (EI): Calcd. for C17H23NO2 273.1729 (M+), found: 273.1732. 
 
• N-(o-Nitrobenzenesulfonyl)-3-cyclohexen-1-amine (E60) 
Scheme E-34: Synthesis of N-(o-nitrobenzenesulfonyl)-3-cyclohexen-1-amine (E60) 
 
N-(o-Nitrobenzenesulfonyl)-3-cyclohexen-1-amine (E60) 
  To a solution of 3-cyclohexene-1-carboxylic acid (E50, 1.00 g, 7.93 mmol) and Et3N (1.2 mL, 
8.7 mmol) in toluene (24 mL) was added DPPA (1.9 mL, 8.7 mmol) at room temperature. The 
mixture was stirred at the same temperature for 2 h, and then 60 °C for 30 min. 10 % Aq. HCl 
(12 mL) was added to the mixture and stirred at 60 °C for 30 min. After being cooled to room 
temperature, the mixture was washed with Et2O (once). The aqueous layer was basified with 
E60
NHNsCOOH
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10 % aq. NaOH to pH 12 and extracted with CHCl3 (3 times). The organic layer was dried over 
K2CO3 and evaporated. The residue was dissolved in CH2Cl2 (24 mL). Et3N (1.1 mL, 7.9 mmol) 
and NsCl (1.76 g, 7.93 mmol) were added to the mixture at 0 °C. The mixture was stirred at 
room temperature for 4 h. The mixture was treated with H2O and extracted with AcOEt (3 
times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with flash column chromatography (AcOEt : hexane = 1 : 4) to afford 
brown solid (1.67 g). The solid was recrystallized from CHCl3-hexane to give 
N-(o-nitrobenzenesulfonyl)-3-cyclohexen-1-amine (E60, 1.32 g, 4.67 mmol, 59% for 2 steps) as 
a colorless needles.  
mp: 101 °C (CHCl3-hexane),  1H-NMR (400 MHz, CDCl3): δ 8.19–8.17 (m, 1H), 7.88–7.86 
(m, 1H), 7.78–7.71 (m, 2H), 5.69–5.64 (m, 1H), 5.54–5.49 (m, 1H), 5.38 (br d, J = 8.0 Hz, 1H), 
3.74–3.66 (m, 1H) 2.27 (br d, J = 17.6 Hz, 1H), 2.12–2.06 (m, 2H), 1.98–1.91 (m, 1H), 1.84–
1.77 (m, 1H), 1.67–1.60 (m, 1H).  13C-NMR (100 MHz, CDCl3): δ 147.9 135.1, 133.4, 132.9, 
130.7, 127.1, 125.4, 123.4, 49.9, 32.3, 28.7, 23.1.  IR (neat, cm-1) 3305, 2927, 1543, 1161.  
HRMS (ESI-pos): Calcd. for C12H15N2O4S 283.0747 ([M+H]+), found: 283.0739. 
 
• trans-4,5-Dibenzoyloxymethyl-1-cyclohexene (E62) 
Scheme E-35: Synthesis of trans-4,5-dibenzoyloxymethyl-1-cyclohexene (E62) 
 
trans-4,5-Dibenzoyloxymethyl-1-cyclohexene (E62) 
  The solution of dimethyl fumarate (E61, 1.20 g, 8.33 mmol), sulfolene (1.44 g, 12.2 mmol) 
and hydroquinone (20.0 mg, 182 µmol) in EtOH (1.8 mL) was heated at 120 °C for 11 h in 
sealed tube. After being cooled to room temperature, the mixture was transferred into 100 mL 
Erlenmeyer flask. A solution of Na2CO3 (1.2 g) in H2O (7.0 mL) was added to the mixture. The 
mixture was stirred at room temperature until foam was not observed. The mixture was 
extracted with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with flash column chromatography (Et2O : hexane = 1 : 8) 
to give a mixture of corresponding cyclohexene product (1.84 g). The mixture was used in the 
next reaction without further purification. A solution of the mixture (1.84 g) in THF (10 mL) 
E61
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    EtOH, 120 °C, 11 h
2. LAH, THF, rt, 3 h
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was added to a suspension of LiAlH4 (1.53 g, 40.5 mmol) in THF (30 mL) slowly via 
cannulation at 0 °C.  The mixture was stirred at room temperature for 3 h. The mixture was 
treated with MeOH at 0 °C. Sat. aq. Na2SO4 was added to the mixture and the mixture was 
stirred at room temperature for 30 min. The suspension was filtered through a pad of Celite® 
and the filtrate was concentrated under reduced pressure. The resulting solution was extracted 
with AcOEt (3 times). The organic layer was washed with brine, dried over Na2SO4 and 
evaporated. The residue was used in the next reaction without purification. BzCl (2.3 mL, 20 
mmol) was added to a solution of the residue, DMAP (122 mg, 1.00 mmol) and Et3N (4.2 mL, 
30 mmol) in CH2Cl2 (50 mL) slowly at 0 °C. The mixture was stirred at room temperature for 
24 h. The mixture was treated with H2O and extracted with CHCl3 (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (AcOEt : hexane = 1 : 9) to afford 
trans-4,5-dibenzoyloxymethyl-1-cyclohexene (E62, 1.83 g, 5.23 mmol, 63% for 3 steps) as a 
white solid.  
colorless crystals;  mp : 52–53 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 8.01 (dd, J = 8.0, 
1.6 Hz, 4H) 7.53 (t, J = 8.0 Hz, 2H), 7.40 (t, J = 8.0 Hz, 4H), 5.71 (s, 2H), 4.44–4.37 (m, 4H), 
2.32–2.26 (m, 4H), 2.11–2.08 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 166.5, 132.9, 130.2, 
129.5, 128.3, 125.4, 66.9, 34.6, 27.2.  IR (neat, cm-1): 2901, 1716, 1270.  HRMS (ESI-pos): 
Calcd. for C22H23O4 351.1591 ([M+H]+), found: 351.1585. 
 
• cis-4,5-Dibenzoyloxymethyl-1-cyclohexene (159) 
Scheme E-36: Synthesis of cis-4,5-dibenzoyloxymethyl-1-cyclohexene (159) 
 
cis-4,5-Dibenzoyloxymethyl-1-cyclohexene (159) 
  To a suspension of LiAlH4 (1.25 g, 32.9 mmol) in THF (26 mL) was added 
cis-1,2,3,6-tetrahydrophthalic anhydride (E63, 1.00 g, 6.57 mmol) dropwise at 0 °C. The 
mixture was stirred at 50 °C for 12 h and refluxed for 6.5 h. The mixture was treated with 
MeOH and then sat. aq. Na2SO4 at 0 °C and stirred at room temperature for 30 min. The 
1. LiAlH4,THF
    50 ºC to reflux
    18.5 h
2. BzCl, DMAP 
    Et3N, CH2Cl2, 
    rt, overnight












suspension was filtered through a pad of Celite® and the filtrate was concentrated under reduced 
pressure. The resulting solution was extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue (807 mg) was used in the 
next reaction without purification. BzCl (1.3 mL, 11 mmol) was added to a solution of the 
residue (807 mg), DMAP (69.4 mg, 568 µmol) and Et3N (1.6 mL, 11 mmol) in CH2Cl2 (10 mL) 
slowly at 0 °C. The mixture was stirred at room temperature overnight. The mixture was treated 
with H2O and extracted with CH2Cl2 (3 times). The organic layer was washed with brine, dried 
over Na2SO4 and evaporated. The residue was purified with column chromatography (AcOEt : 
hexane = 1 : 20) to afford a mixture of cis-4,5-dibenzoyloxymethyl-1-cyclohexene (159)  and 
impurities (1.70 g, <4.86 mmol, <74%). A part of the mixture was purified with GPC to afford 
cis-4,5-dibenzoyloxymethyl-1-cyclohexene (159) as a white solid. 
colorless crystals;  mp : 55 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 8.02 (d, J = 7.2 Hz, 
4H) 7.54 (t, J = 7.2 Hz, 2H), 7.41 (t, J = 7.2 Hz, 4H), 5.71 (s, 2H), 4.45–4.36 (m, 4H), 2.51 (t, J 
= 5.6 Hz, 2H), 2.31 (dd, J = 16.8, 5.6 Hz, 2H), 2.11 (dd, J = 16.8, 5.6 Hz, 2H).  13C-NMR (100 
MHz, CDCl3): δ 166.5, 132.9, 130.2, 129.5, 128.3, 125.2, 65.8, 34.0, 26.8.  IR (neat, cm-1): 
2899, 1719, 1273, 1114.  MS m/z: 351 ([M+H]+), 105 (100%).  HRMS (EI): Calcd. for 




• cis-(6-(3-((Methoxycarbonyl)oxy)-3-methylbutyl)cyclohex-3-en-1-yl)methyl pival- 
ate (E69) 
Scheme E-37: Synthesis of cis-(6-(3-((methoxycarbonyl)oxy)-3-methylbutyl)cyclohex- 
3-en-1-yl)methyl pivalate (E69) 
 
cis-6-(((tert-Butyldimethylsilyl)oxy)methyl)-3-cyclohexene-1-methanol (E64) 
  To a suspension of LiAlH4 (2.05 g, 65.8 mmol) in THF (60 mL) was added 
cis-1,2,3,6-tetrahydrophthalic anhydride (E63, 2.00 g, 13.1 mmol) dropwise at 0 °C. The 
mixture was refluxed overnight. After being cooled to room temperature, the mixture was 
treated with MeOH and then sat. aq. Na2SO4 at 0 °C and stirred at room temperature for 30 min. 
The suspension was filtered through a pad of Celite® and the filtrate was concentrated under 
reduced pressure. The resulting solution was extracted with AcOEt (3 times). The organic layer 
was washed with brine, dried over Na2SO4 and evaporated. The residue (1.67 g) was used in the 
next reaction without purification. The solution of the residue in THF (20 mL) was added to a 
suspension of NaH (60% in mineral oil, 440 mg, 11 mmol) in THF (20 mL) via cannula at 0 °C. 
The mixture was stirred at room temperature for 1.5 h. TBSCl (1.66 g, 11.0 mmol) was added to 
the mixture at the same temperature. The mixture was stirred at room temperature for 3 h. The 
mixture was treated with sat. aq. NH4Cl and extracted with AcOEt (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (AcOEt : hexane = 1 : 8) to afford 
cis-6-(((tert-Butyldimethylsilyl)oxy)methyl)-3-cyclohexene-1-methanol (E64, 2.33 g, 9.07 
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    CH2Cl2, rt, 2.5 h










    reflux, overnight
2. TBSCl, NaH
    THF, rt, 3 h





1H-NMR (400 MHz, CDCl3): δ  5.61 (s, 2H), 3.75 (dd, J = 10.4, 7.2 Hz, 1H), 3.65 (m, 1H), 
3.59–3.56 (m, 2H), 3.35 (br s, 1H), 2.14–2.01 (m, 6H), 0.91 (s, 9H), 0.09 (s, 6H). 13C-NMR 
(100 MHz, CDCl3): δ 125.7, 125.4, 64.9, 64.2, 38.3, 37.5, 27.3, 26.8, 25.8, 18.2, –5.52, –5.54.  
IR (neat, cm-1): 3360, 2928.  MS m/z: 199 ([M–tBu]+), 107 (100%).  HRMS (EI): Calcd. for 
C10H19O2Si 199.1154 ([M–tBu]+), found: 199.1151. 
 
cis-Ethyl (E)-3-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)acrylate E65 
  To a solution of 6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)metha- 
nol (E64, 1.28 g, 5.00 mmol), 1-Me-AZADO (4.99 mg, 30.0 µmol), 2,2’-bipyridyl (4.69 mg, 
30.0 µmol) and DMAP (7.33 mg, 60.0 µmol) in MeCN (25 mL) was added CuCl (5.94 mg, 60.0 
µmol) at room temperature. The solution was stirred under air for 4 h at the same temperature. 
Additional 1-Me-AZADO (4.99 mg, 30.0 µmol), 2,2’-bipyridyl (4.69 mg, 30.0 µmol) and CuCl 
(5.94 mg, 60.0 µmol) were added to the mixture. The mixture was stirred under air for 3 h at the 
same temperature. The mixture was treated with sat. aq. NaHCO3 and extracted with CH2Cl2 (3 
times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was diluted with toluene (20 mL). Ph3P=CHCO2Et (2.61 g, 7.50 mmol) was added to 
the mixture at room temperature. The mixture was stirred overnight at 70 °C. The mixture was 
treated with H2O and extracted with AcOEt. The organic layer was washed with brine, dried 
over MgSO4 and evaporated. The residue was purified with flash column chromatography 
(AcOEt : hexane = 1 : 15) to afford cis-ethyl 
(E)-3-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)acrylate (E65, 1.34 g, 4.13 
mmol, 83% for 2 steps) as a colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 7.00 (dd, J = 16.0, 8.8 Hz, 1H), 5.85 (dd, J = 16.0, 0.8 Hz, 1H), 
5.71–5.67 (m, 2H), 4.18 (q, J = 7.2 Hz, 2H), 3.44 (d, J = 7.2 Hz, 2H), 2.79 (m, 1H), 2.34–2.30 
(m, 1H), 2.07–1.98 (m, 3H), 1.84–1.81 (m, 1H), 1.29 (t, J = 7.2 Hz, 3H), 0.89 (s, 9H), 0.03 (s, 
6H). 13C-NMR (100 MHz, CDCl3): δ 166.7, 149.7, 126.1, 124.7, 121.8, 64.6, 60.1, 39.4, 36.5, 
29.5, 25.9, 25.4, 18.2, 14.3, –5.40, –5.43.  IR (neat, cm-1): 2928, 1721.  MS m/z: 267 ([M–








  To a solution of cis-ethyl (E)-3-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3- 
en-1-yl)acrylate (E65, 1.34 g, 4.13 mmol) in MeOH (34 mL) was added magnesium powder 
(1.00 g, 41.3 mmol) at room temperature. The solution was stirred for 2 h at the same 
temperature (exothermic, sometimes cooling with ice bath). The mixture was treated with H2O 
and filtered through a pad of Celite®. The filtrate was extracted with AcOEt (3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt : hexane = 1 : 25) to afford cis-methyl 
3 - ( 6 - ( ( ( t e r t - b u t y l d i m e t h y l s i l y l ) o x y ) m e t h y l ) - 
cyclohex-3-en-1-yl)-propanoate (E66, 831 mg, 2.66 mmol, 64%) as a colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 5.61 (m, 1H), 3.67 (s, 3H), 3.60 (dd, J = 10.0, 6.0 Hz, 1H), 3.48 
(dd, J = 10.0, 7.6 Hz, 1H), 2.38–2.29 (m, 2H), 2.10–1.93 (m, 4H), 1.82 (s, 1H), 1.79 (s, 1H), 
1.69–1.66 (m, 1H), 1.61–1.53 (m, 1H), 0.89 (s, 9H), 0.04 (s, 6H). 13C-NMR (100 MHz, CDCl3): 
δ 174.4, 125.9, 125.4, 63.1, 51.5, 38.7, 33.8, 32.6, 28.9, 26.5, 25.9, 25.4, 18.3, –5.38, –5.40.  
IR (neat, cm-1): 2952, 1742.  MS m/z: 255 ([M–tBu]+), 255 (100%).  HRMS (EI): Calcd. for 
C10H14O3Si 255.1416 ([M–tBu]+), found: 255.1419. 
 
cis-4-(6-(((tert-Butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)-2-methylbutan-2-ol E67 
  To a solution of cis-methyl 3-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3- 
en-1-yl)propanoate (E66, 830 mg, 2.65 mmol) in THF (13 mL) was added methylmagnesium 
bromide (3.0 M in Et2O, 2.2 mL, 6.6 mmol) at 0 °C. The solution was stirred for 3 h at room 
temperature. The mixture was treated with sat. aq. NH4Cl and extracted with AcOEt (3 times). 
The organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt : hexane = 1 : 8) to afford 
cis-4-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)-2-methylbutan-2-ol (E67, 
714 mg, 2.28 mmol, 86%) as a colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 5.61 (m, 2H), 3.60 (dd, J = 10.0, 6.0 Hz, 1H), 3.49 (dd, J = 10.0, 
8.0 Hz, 1H), 2.10–1.95 (m, 4H), 1.82–1.79 (m, 2H), 1.55–1.35 (m, 2H), 1.28–1.16 (m, 2H), 
1.21 (s, 6H), 0.89 (s, 9H), 0.04 (s, 6H). 13C-NMR (100 MHz, CDCl3): δ 125.8, 71.0, 63.0, 42.2, 
39.0, 34.6, 29.27, 29.25, 29.23, 26.5, 26.0, 24.5, 18.3, –5.3.  IR (neat, cm-1): 3375, 2928.  MS 







methyl carbonate (E68) 
  To a solution of cis-4-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)- 
2-methylbutan-2-ol (E67, 313 mg, 1.00 mmol) in THF (2.0 mL) was added nBuLi (1.56 M in 
hexane, 1.0 mL, 1.6 mmol) at 0 °C. The solution was stirred for 15 min at the same temperature. 
Methyl chloroformate (155 µL, 2.00 mmol) was added to the solution at 0 °C. The mixture was 
stirred at room temperature for 1.5 h. Additional methyl chloroformate (155 µL, 2.00 mmol) 
was added to the solution at 0 °C. The mixture was stirred at room temperature for 1 h. The 
mixture was treated with sat. aq. NH4Cl and extracted with AcOEt (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with flash 
column chromatography (AcOEt : hexane = 1 : 40) to afford 
cis-4-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)-2-methylbutan-2-yl methyl 
carbonate (E68, 362 mg, 976 µmol, 98%) as a colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 5.56 (m, 2H), 3.70 (s, 3H), 3.58 (dd, J = 10.0, 6.0 Hz, 1H), 3.48 
(dd, J = 10.0, 8.0 Hz, 1H), 2.10–1.69 (m, 6H), 1.46 (s, 3H), 1.45 (s, 3H), 1.39–1.22 (m, 4H), 
0.89 (s, 9H), 0.04 (s, 6H). 13C-NMR (100 MHz, CDCl3): δ 154.1, 125.81, 125.76, 84.3, 63.0, 
53.9, 38.96, 38.90, 34.5, 29.2, 26.5, 26.0, 25.74, 25.68, 25.5, 24.2, 23.1, 18.3, –5.3.  IR (neat, 
cm-1): 2929, 1745.  MS m/z: 355 ([M–Me]+), 163 (100%).  HRMS (EI): Calcd. for 
C19H35O4Si 355.2305 ([M–Me]+), found: 355.2307. 
 
cis-(6-(3-((Methoxycarbonyl)oxy)-3-methylbutyl)cyclohex-3-en-1-yl)methyl pivalate (E69) 
  To a solution of cis-4-(6-(((tert-butyldimethylsilyl)oxy)methyl)cyclohex-3-en-1-yl)- 
2-methylbutan-2-yl methyl carbonate (E68, 278 mg, 750 µmol) in THF (2.0 mL) was added 
10% aq. HCl (2.0 mL) at room temperature. The solution was stirred for 5 h at the same 
temperature. The mixture was treated with sat. aq. NaHCO3 and extracted with AcOEt (3 times). 
The organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt : hexane = 1 : 2) to afford a mixture of 
desired alcohol and impurities (152 mg) as a colorless oil. The mixture was used in the next 
reaction without further purification. PivCl (87 µL, 710 µmol) was added to a solution of the 
mixture, DMAP (7.23 mg, 59.2 µmol) and Et3N (164 µL, 1.18 mmol) in CH2Cl2 (3.0 mL) 
slowly at 0 °C. The mixture was stirred at room temperature for 2 h. Additional PivCl (43 µL, 




temperature for 30 min. The mixture was treated with H2O and extracted with CH2Cl2 (3 times). 
The organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with column chromatography (AcOEt : hexane = 1 : 25 to 1 : 20) to afford 
cis-(6-(3-((methoxycarbonyl)oxy)-3-methylbutyl)cyclohex-3-en-1-yl)methyl pivalate (E69, 169 
mg, 497 µmol, 84%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 5.62 (m, 2H), 4.08 (dd, J = 10.8, 5.6 Hz, 1H), 3.94 (dd, J = 10.8, 
8.4 Hz, 1H), 3.70 (s, 3H), 2.12–2.09 (m, 3H), 1.99–1.95 (m, 1H), 1.87 (td, J =13.0, 4.8 Hz, 2H), 
1.74 (td, J = 13.0, 4.8 Hz, 2H), 1.46 (s, 6H), 1.42–1.24 (m, 2H), 1.20 (s, 9H). 13C-NMR (100 
MHz, CDCl3): δ 178.7, 154.1, 125.9, 125.1, 84.1, 64.5, 53.9, 38.80, 38.77, 35.7, 34.9, 28.9, 27.2, 
27.0, 25.74, 25.70, 24.8.  IR (neat, cm-1): 2975, 1744, 1729.  MS m/z: 325 ([M–Me]+), 57 
(100%).  HRMS (EI): Calcd. for C18H29O5 325.2015 ([M–Me]+), found: 325.2022. 
 
• cis-2,3,3a,4,7,7a-Hexahydro-1H-inden-2-yl benzoate (E74) 
Scheme E-38: Synthesis of cis-2,3,3a,4,7,7a-hexahydro-1H-inden-2-yl benzoate (E74)79 
 
cis-(Cyclohex-4-ene-1,2-diyl)bis(methylene) bis(4-methylbenzenesulfonate) (E70) 
  To a suspension of LiAlH4 (7.97 g, 210 mmol) in THF (125 mL) was added 
cis-1,2,3,6-tetrahydrophthalic anhydride (E63, 7.61 g, 50.0 mmol) dropwise at 0 °C. The 
mixture was refluxed for 12 h. After being cooled to room temperature, the mixture was treated 
with MeOH and then sat. aq. Na2SO4 at 0 °C and stirred at room temperature for 30 min. The 
suspension was filtered through a pad of Celite® and the filtrate was concentrated under reduced 
pressure. The resulting solution was extracted with AcOEt (3 times). The organic layer was 
washed with brine and dried over MgSO4 and evaporated. The residue (5.30 g) was used in the 
next reaction without purification. The solution of the residue (929 mg) in pyridine (18 mL) was 
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    0 °C to rt, 1 h
2. BzCl, Et3N 
    DMAP, CH2Cl2
    rt to 35 °C, overnight 








0 °C. The mixture was stirred at the same temperature for 3 h. The mixture was treated with 
H2O and extracted with Et2O (3 times). The organic layer was washed with brine, dried over 
MgSO4 and evaporated. The residue was recrystallized from MeOH to afford 
cis-(cyclohex-4-ene-1,2-diyl)bis(methylene) bis(4-methyl-benzenesulfonate) (E70, 9.45 g, 21.0 
mmol, 56%) as colorless needles. 
mp : 89 °C (AcOEt-hexane).  1H-NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.0 Hz, 4H) 7.36 (d, 
J = 8.0 Hz, 4H), 5.50 (s, 2H), 3.94–3.90 (m, 4H), 2.46 (s, 6H), 2.22 (t, J = 5.4 Hz, 2H), 2.10 (dd, 
J = 16.5, 5.4 Hz, 2H), 1.76 (dd, J = 16.5, 5.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 144.9, 
132.9, 129.9, 127.9, 124.5, 70.5, 34.0, 26.0, 21.6.  IR (neat, cm-1): 2922, 1360, 1175.  MS 




  To a solution of cis-(cyclohex-4-ene-1,2-diyl)bis(methylene) bis(4-methylbenzenesu- 
lfonate) (E70, 6.76 g, 15.0 mmol) in EtOH (54 mL) was added NaCN (2.45 g, 50.0 mmol) at 
room temperature. The mixture was refluxed for 1 day. Additional NaCN (1.23 g, 25.0 mmol) 
was added to the solution at room temperature. The mixture was refluxed for 6 h. After being 
cooled to room temperature, the mixture was treated with H2O and concentrated under reduced 
pressure. The residue was extracted with CHCl3 (3 times). The organic layer was washed with 
brine, dried over MgSO4 and evaporated. The residue was purified with column 
chromatography (AcOEt : toluene = 1 : 15) to afford 
cis-2,2'-(cyclohex-4-ene-1,2-diyl)diacetonitrile (E71, 1.74 g, 10.8 mmol, 72%) as a white solid. 
colorless needles;  mp: 43 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 5.68 (s, 2H), 2.39–
2.32 (m, 8H), 2.02 (d, J = 11.6 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 124.4, 118.3, 33.1, 
28.6, 18.5.  IR (neat, cm-1): 2915, 2245, 1422.  MS m/z: 160 (M+), 79 (100%).  HRMS (EI): 
Calcd. for C10H12N2 160.1000 (M+), found: 160.0993. 
 
cis-2,2'-(Cyclohex-4-ene-1,2-diyl)diacetic acid (E72) 
  To cis-2,2'-(cyclohex-4-ene-1,2-diyl)diacetonitrile (E71, 1.50 g, 9.25 mmol) was added 33% 
aq. KOH (10.4 mL) at room temperature. The mixture was refluxed for 1 day. After being 
cooled to room temperature, 85% H3PO4 (10.4 mL) was added to the mixture slowly at 0 °C. 




afford cis-2,2'-(cyclohex-4-ene-1,2-diyl)diacetic acid (E72, 1.94 g, 9.80 mmol, quant.) as a 
white solid. 
colorless crystals;  mp: 155-156 °C (AcOEt-hexane).  1H-NMR (400 MHz, d6-DMSO): 
δ 12.03 (br s, 2H), 5.57 (s, 2H), 2.20–2.03 (m, 8H), 1.75 (d, J = 13.2 Hz, 2H). 13C-NMR (100 
MHz, d6-DMSO): δ 173.9, 125.2, 34.7, 32.1, 28.8.  IR (ATR, cm-1): 2911, 1686.  HRMS 
(ESI-pos): Calcd. for C10H14O4 221.0784 ([M+Na]+), found: 221.0779. 
 
cis-1,3,3a,4,7,7a-Hexahydro-2H-inden-2-one (E73) 
  To a mixture of Ac2O (17 mL) and pyridine (1.4 mL) was added 
cis-2,2'-(cyclohex-4-ene-1,2-diyl)diacetic acid (E72, 1.80 g, 9.08 mmol) at room temperature. 
The mixture was refluxed for 60 h. After being cooled to room temperature, the mixture was 
evaporated. 0.5 M aq. HCl (12 mL) was added to the mixture at room temperature. The mixture 
was refluxed for 1.5 h (foam was observed). After being cooled to room temperature, the 
mixture was transferred to 300 mL Erlenmeyer flask. The mixture was basified with sat. aq. 
Na2CO3 to pH 10–11 and filtered through a pad of Celite®. The filtrate was extracted with Et2O 
(twice). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (Et2O : hexane = 1 : 4) to afford 
cis-1,3,3a,4,7,7a-hexahydro-2H-inden-2-one (E73, 908 mg, 6.67 mmol, 73%) as a pale yellow 
oil. 
1H-NMR (400 MHz, CDCl3): δ 5.69 (s, 2H), 2.42 (m, 2H), 2.29 (dt, J = 18.4, 6.9 Hz, 4H), 2.06 
(dd, J = 18.4, 6.9 Hz, 2H), 1.86 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 219.6, 124.7, 44.7, 
32.4, 26.3.  IR (neat, cm-1): 2902, 1743.  MS m/z: 136 (M+), 136 (100%).  HRMS (EI): 
Calcd. for C9H12O 136.0888 (M+), found:136.0898. 
 
cis-2,3,3a,4,7,7a-Hexahydro-1H-inden-2-yl benzoate E74 
  To a solution of cis-1,3,3a,4,7,7a-hexahydro-2H-inden-2-one (E73, 204 mg, 1.50 mmol) in 
MeOH (4.5 mL) was added NaBH4 (75.6 mg, 2.00 mmol) slowly at 0 °C. The mixture was 
stirred for 1 h at room temperature. The mixture was treated with H2O and extracted with Et2O 
(3 times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was used in the next reaction without purification. BzCl (232 µL, 2.00 mmol) was added 
to the solution of the residue, DMAP (18.3 mg, 150 µmol) and Et3N (418 µL, 3.00 mmol) in 




(232 µL, 2.00 mmol) was added to the mixture. The mixture was stirred for 2 h at room 
temperature. Additional BzCl (232 µL, 2.00 mmol) was added to the mixture. The mixture was 
stirred for 1 h at room temperature. Additional DMAP (18.3 mg, 150 µmol) and Et3N (836 µL, 
6.00 mmol) was added to the mixture. The mixture stirred overnight at room temperature. 
Additional BzCl (232 µL, 2.00 mmol) was added to the mixture. The mixture was stirred for 8 h 
at 35 °C. The mixture was treated with H2O and extracted with CHCl3 (3 times). The organic 
layer was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (AcOEt : hexane = 1 : 30) to afford 
cis-2,3,3a,4,7,7a-hexahydro-1H-inden-2-yl benzoate (E74, 276 mg, 1.14 mmol, 76%) as a pale 
yellow oil. 
1H-NMR (400 MHz, CDCl3): δ 8.02 (d, J = 7.6 Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.6 
Hz, 2H), 5.69 (s, 2H), 5.43 (heptet, J = 4.0 Hz, 1H), 2.32–2.21 (m, 4H), 2.08–2.01 (m, 4H), 1.69 
(dt, J = 13.6, 5.2 Hz, 2H).  13C-NMR (100 MHz, CDCl3): δ 166.3, 132.7, 130.8, 129.5, 128.3, 
125.1, 76.1, 38.8, 34.7, 26.6.  IR (neat, cm-1): 2925, 1715.  MS m/z: 242 (M+), 105 (100%).  
HRMS (EI): Calcd. for C16H18O2 242.1307 (M+), found: 242.1293. 
 
• N-Trifluoroacetyl-cis-2,3,3a,4,7,7a-hexahydroisoindole (E76) 
Scheme E-39:Synthesis of N-trifluoroacetyl-cis-2,3,3a,4,7,7a-hexahydroisoindole (E76) 
 
N-Trifluoroacetyl-cis-2,3,3a,4,7,7a-hexahydroisoindole (E76) 
  To a suspension of LiAlH4 (1.06 g, 27.8 mmol) in THF (20 mL) was added 
cis-1,2,3,6-tetrahydrophthalimide E75 (1.00 g, 6.62 mmol) dropwise at 0 °C. The mixture was 
refluxed for 3 h. After being cooled to room temperature, the mixture was treated with H2O at 
0 °C and basified with 10% aq. NaOH. The suspension was filtered through a pad of Celite® and 
the filtrate was extracted with CHCl3 (3 times). The organic layer was dried over K2CO3 and 
evaporated. The residue was used in the next reaction without purification. TFAA (933 µL, 6.62 
mmol) was added to the solution of the residue and Et3N (1.4 mL, 9.9 mmol) in CH2Cl2 (20 mL) 
dropwise at 0 °C. The mixture was stirred at room temperature for 1 h. The mixture was treated 








    reflux, 3 h
2. TFAA, Et3N 
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over MgSO4 and evaporated. The residue was purified with column chromatography (AcOEt : 
hexane = 1 : 9) to afford N-trifluoroacetyl-cis-2,3,3a,4,7,7a-hexahydroisoindole (E76, 1.07 g, 
4.89 mmol, 74%) as a yellow oil. 
1H-NMR (400 MHz, CDCl3): δ 5.67 (s, 2H), 3.72 (dd, J = 10.8, 6.8 Hz, 1H), 3.63 (dd, J = 12.0, 
6.8 Hz, 1H), 3.46–3.37 (m, 2H), 2.46 (q, J = 6.0 Hz, 1H), 2.38 (q, J = 6.0 Hz, 1H), 2.33–2.27 (m, 
2H), 1.91 (d, J = 15.2 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 156.3 (q, J = 36.8 Hz), 124.2, 
123.9, 116.4 (q, J = 289 Hz), 52.5, 51.4 (q, J = 3.3 Hz), 34.7, 32.0, 24.4, 24.1.  IR (neat, cm-1): 
2895, 1691.  MS m/z: 219 (M+), 219 (100%).  HRMS (EI): Calcd. for C10H12NOF3 219.0871 
(M+), found: 219.0884. 
 
• 3-Methyl-4,4-diphenylcyclohex-1-ene (E83) 
Scheme E-40: Synthesis of 3-methyl-4,4-diphenylcyclohex-1-ene (E83)80 
 
1,1-Diphenylacetone (E78)81 
  To a suspension of benzophenone (E77, 5.47 g, 30.0 mmol), methyl acetate (4.8 mL, 60 
mmol) and zinc powder (activated, 7.85 g, 120 mmol) in THF (150 mL) was added TiCl4 (6.6 
mL, 60 mmol) dropwise at 0 °C. The suspension was stirred at room temperaure for 2 h and at 
50 °C for 5 h. Additional zinc powder (3.93 g, 60.0 mmol) and TiCl4 (3.3 mL, 30 mmol) were 
added to the suspension. The suspension was stirred at 50 °C for another 1 h. After being cooled 
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organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with column chromatography (AcOEt : hexane = 1 : 8) to afford methyl 
1,1-diphenylacetone (E78, 4.49 g, 21.3 mmol, 71%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.35–7.22 (m, 10H), 5.11 (s, 1H), 2.24 (s, 3H). 13C-NMR (100 
MHz, CDCl3): δ 206.5, 138.3, 129.0, 128.7, 127.2, 65.0, 30.0.  IR (neat, cm-1): 1713.  MS 
m/z: 210 (M+), 167 (100%).  HRMS (EI): Calcd. for C15H14O 210.1045 (M+), found: 210.1039. 
 
4,4-Diphenylcyclohexane-1,3-dione (E79) 
  To a suspension of tBuOK (2.13 g, 19.0 mmol) in Et2O (57 mL) was added 
1,1-diphenylacetone (E78, 4.00 g, 19.0 mmol) in Et2O (19 mL) dropwise at room temperature. 
Ethyl acrylate (2.1 mL, 19 mmol) in Et2O (19 mL) was added to the suspension at the same 
temperature. The mixture was stirred at the same temperature for 9 h during which time a 
precipitate formed. The hygroscopic precipitate was filtered and washed with Et2O under Ar 
flow. The precipitate was dissolved in H2O and the solution was acidified with 10% aq. HCl. 
The solution was extracted with CHCl3 (3 times). The organic layer was washed with brine and 
dried over Na2SO4 and evaporated. The residue was recrystallized from 1,4-dioxane to afford 
4,4-diphenylcyclohexane-1,3-dione (E79, 2.21 g, 8.36 mmol, 44%) as a colorless crystals. 
mp : 172–173 °C (1,4-dioxane).  1H-NMR (600 MHz, d6-DMSO): δ 11.14 (br s, 1H), 7.27 (t, J 
= 7.8 Hz, 4H), 7.21 (t, J = 7.8 Hz, 2H), 7.08 (d, J = 7.8 Hz, 4H), 5.44 (s, 1H), 2.65 (t, J = 6.6 Hz, 
2H), 2.21 (m, 2H). 13C-NMR (150 MHz, d6-DMSO): δ 198.2, 176.5, 142.8, 128.3, 127.8, 126.4, 
104.6, 57.4, 33.1, 26.9.  IR (neat, cm-1): 1573.  MS m/z: 264 (M+), 236 (100%).  HRMS (EI): 
Calcd. for C18H16O2 264.1150 (M+), found: 264.1155. 
 
3-Methoxy-6,6-diphenylcyclohex-2-ene-1-one (E80) 
  To a solution of 4,4-diphenylcyclohexane-1,3-dione (E79, 2.00 g, 7.57 mmol) in 
MeOH-benzene (45 mL-379 mL) was added p-toluenesulfonic acid monohydrate (75.7 mg, 398 
µmol) at room temperature. The mixture was refluxed for 3 h. After being cooled to room 
temperature, the solution was washed with sat. aq. NaHCO3, H2O and brine.  The organic layer 
was dried over MgSO4 and evaporated. The residue was recrystallized from cyclohexane to 
afford 3-methoxy-6,6-diphenylcyclohex-2-ene-1-one (E80, 1.81 g, 6.50 mmol, 86%) as a 
colorless crystals. 




4H), 5.57 (s, 1H), 3.67 (s, 3H), 2.73 (t, J = 6.0 Hz, 2H), 2.37 (t, J = 6.0 Hz, 2H). 13C-NMR (100 
MHz, CDCl3): δ 199.8, 177.0, 142.2, 128.5, 128.1, 126.8, 103.0, 58.6, 55.8, 33.9, 26.9.  IR 
(neat, cm-1): 1656, 1611.  MS m/z: 278 (M+), 278 (100%).  HRMS (EI): Calcd. for C19H18O2 
278.1307 (M+), found: 278.1303. 
 
3-Methyl-4,4-diphenylcyclohex-2-ene-1-one (E81) 
  To a solution of 3-methoxy-6,6-diphenylcyclohex-2-ene-1-one (E80, 1.60 g, 5.75 mmol) in 
THF (19 mL) was added MeLi (1.13 M in Et2O, 6.1 mL, 6.9 mmol) dropwise at –78 °C. The 
solution was stirred at the same temperaure for 1 h. Additional MeLi (3.0 mL, 3.5 mmol) was 
added to the solution at –78 °C. The solution was stirred at the same temperature another 30 min. 
The mixture was treated with H2O (8 mL) and warmed to room temperature. 6 M aq. HCl (13 
mL) was added to the mixture and the mixture was stirred at room temperature for 1 h and then 
extracted with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (AcOEt : hexane = 1 : 15) to 
afford 3-methyl-4,4-diphenylcyclohex-2-ene-1-one (E81, 1.41 g, 5.37 mmol, 93%) as a white 
solid. 
colorless crystals; mp : 103 °C (hexane)  1H-NMR (400 MHz, CDCl3): δ 7.36–7.22 (m, 10H), 
6.20 (m, 1H), 2.75 (t, J = 6.4 Hz, 2H), 2.17 (t, J = 6.4 Hz, 2H), 1.63 (d, J = 0.8 Hz, 3H). 
13C-NMR (100 MHz, CDCl3): δ 199.0, 165.6, 143.4, 129.6, 129.0, 128.3, 127.0, 54.4, 38.5, 34.5, 
24.2.  IR (neat, cm-1): 1675.  MS m/z: 262 (M+), 262 (100%).  HRMS (EI): Calcd. for 
C19H18O 262.1358 (M+), found: 262.1359. 
 
3-Methyl-4,4-diphenylcyclohex-2-ene-1-one tosylhydrazone (E82) 
  To a solution of 3-methyl-4,4-diphenylcyclohex-2-ene-1-one (E81, 1.20 g, 4.57 mmol) and 
p-toluenesulfonyl hydrazine (851 mg, 4.57 mmol) in EtOH (27 mL) was added c.HCl (60 µL) at 
room temperature. The solution was stirred at 50 °C for 3 h. Additional p-toluenesulfonyl 
hydrazine (213 mg, 1.14 mmol) was added to the solution. The solution was stirred at 50 °C 
another 1 h. After being cooled to room temperature, the mixture was concentrated under 
reduced pressure. Addition of small amount of CHCl3 solidified the residue. The solid was 
recrystallized from CHCl3 (twice) to afford 3-methyl-4,4-diphenylcyclohex-2-ene-1-one 
tosylhydrazone (E82, 1.56 g, 3.62 mmol, 79%) as a colorless crystals. 




12H), 6.48 (s, 0.8H), 6.29 (s, 0.9H), 2.52 (t, J = 6.0 Hz, 2H), 2.44 (s, 2.7H), 2.42 (s, 0.3H), 2.15 
(t, J = 6.0 Hz, 0.2H), 1.98 (t, J = 6.0 Hz, 1.8H), 1.55 (s, 0.3H), 1.49 (s, 2.7H). 13C-NMR (150 
MHz, CDCl3): δ 154.3, 150.7, 144.04, 143.97, 135.5, 129.53, 129.49, 129.1, 128.9, 128.2, 
128.13, 128.09, 126.8, 126.7, 126.4, 55.0, 53.5, 38.6, 36.7, 27.8, 24.3, 23.5, 21.6, 21.3.  IR 
(neat, cm-1): 3218, 1326, 1164.  MS m/z: 430 (M+), 246 (100%).  HRMS (EI): Calcd. for 
C26H26N2O2S 430.1715 (M+), found: 430.1724. 
 
3-Methyl-4,4-diphenylcyclohex-1-ene (E83) 
  To a solution of 3-methyl-4,4-diphenylcyclohex-2-ene-1-one tosylhydrazone (E82, 1.40 g, 
3.25 mmol) in CH2Cl2 (8.0 mL) was added catecholborane (380 µL, 3.6 mmol) dropwise at 0 °C. 
The mixture was stirred at the same temperature for 2 h. NaOAc•3H2O (1.33 g, 9.75 mmol) was 
added to the mixture at 0 °C and the mixture was refluxed for 1.5 h. After being cooled to room 
temperature, the mixture was treated with H2O and extracted with AcOEt. The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (Et2O : hexane = 1 : 19) to afford 
3-methyl-4,4-diphenylcyclohex-1-ene (E83, 511 mg, 2.06 mmol, 63%) as a white solid. 
colorless crystals; mp : 64 °C (hexane)  1H-NMR (400 MHz, CDCl3): δ 7.25–7.18 (m, 6H), 
7.14–7.08 (m, 4H), 5.94–5.91 (m, 1H), 5.54 (dd, J = 10.0, 4.0 Hz, 1H), 2.95 (m, 1H), 2.35 (td, J 
= 12.4, 5.2 Hz, 1H), 2.17 (dd, J = 12.4, 5.2 Hz, 1H), 2.00 (dt, J = 18.0, 5.2 Hz, 1H), 1.39 
(double double quartet, J = 18.0, 12.4, 2.8 Hz, 1H), 0.62 (d, J = 6.8 Hz, 3H). 13C-NMR (100 
MHz, CDCl3): δ149.6, 147.8, 132.7, 128.1, 127.9, 127.44, 127.39, 125.9, 125.4, 125.3, 48.6, 
37.2, 27.7, 23.4, 18.6.  IR (neat, cm-1): 3018, 1492.  MS m/z: 248 (M+), 180 (100%).  HRMS 




• 2,2-Bis(methoxymethyl)-1,2,3,4-tetrahydro-1-1’-biphenyl (E89) 
Scheme E-41: Synthesis of 2,2-bis(methoxymethyl)-1,2,3,4-tetrahydro-1-1’-biphenyl (E89)8 
 
Dimethyl 2-(but-3-en-1-yl)malonate (E84) 
  To a suspension of NaH (60%, 390 mg, 9.8 mmol) in DMF (50 mL), dimethyl malonate (1.0 
mL, 8.7 mmol) was added slowly via syringe at 0 °C. The suspension was stirred for 30 min at 
the same temperature. 4-Bromo-1-butene (E83, 1.1 mL, 10 mmol) was added to the suspension 
slowly via syringe at 0 °C. The mixture was stirred for 24 h at room temperature. The mixture 
was treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was 
washed with brine, dried over MgSO4 and evaporated. The residue was purified with column 
chromatography (Et2O : hexane = 1 : 2) to afford dimethyl 2-(but-3-en-1-yl)malonate (E84, 1.4 
g, 7.0 mmol, 81%) as a pale yellow oil. 
1H-NMR (400 MHz, CDCl3): δ 5.76 (double double triplet, J = 17.2, 10.4, 6.8 Hz, 1H), 5.07–
5.00 (m, 2H), 3.74 (s, 6H), 3.40 (t, J = 7.2 Hz, 1H), 2.13–2.08 (m, 2H), 2.01 (q, J = 7.6 Hz, 2H). 
13C-NMR (100 MHz, CDCl3): δ 169.8, 136.7, 116.0, 52.5, 50.9, 31.3, 27.9.  IR (neat, cm-1): 
2955, 1735.  MS m/z: 186 (M+), 132 (100%).  HRMS (EI): Calcd. for C9H14O4 186.0892 (M+), 
found: 186.0887. 
 
Methyl (1-phenylallyl) carbonate (E86) 
  To a solution of benzaldehyde (E85, 531 mg, 5.00 mmol) in THF (10 mL) was added 
vinylmagnesium bromide (1.0 M in THF, 6.0 mL, 6.0 mmol) slowly via syringe at 0 °C. The 
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and extracted with Et2O (3 times). The organic layer was washed with brine and dried over 
MgSO4 and evaporated. The residue was purified with column chromatography (Et2O : hexane 
= 1 : 2) to afford a mixture of desired alcohol and impurities. The mixture was used in the next 
reaction without further purification. Methyl chloroformate (464 µL, 6.00 mmol) was added to 
the solution of the mixture and Et3N (1.4 mL, 10 mmol) in CH2Cl2 (20 mL) at 0 °C. The 
mixture was stirred for 2 h at the room temperature. Additional methyl chloroformate (464 µL, 
6.00 mmol) was added to the mixture at 0 °C. The mixture was stirred another 2 h at room 
temperature. The mixture was treated with H2O and extracted with CH2Cl2 (3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with column chromatography (AcOEt : hexane = 1 : 15) to afford dimethyl 
(1-phenylallyl) carbonate (E86, 757 mg, 3.94 mmol, 79% for 2 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.37–7.30 (m, 5H), 6.09–5.99 (m, 2H), 5.35 (d, J = 16.0 Hz, 
1H), 5.28 (d, J = 10.0 Hz, 1H), 3.78 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 155.0, 138.3, 
135.8, 128.6, 128.4, 127.1, 117.5, 80.2, 54.8.  IR (neat, cm-1): 1749.  MS m/z: 192 (M+), 116 
(100%).  HRMS (EI): Calcd. for C11H12O3 192.0786 (M+), found: 192.0777. 
 
Dimethyl 2-(but-3-en-1-yl)-2-(1-phenylallyl)malonate (E87)82 
  To a 50 mL Schlenk tube, RhCl(PPh3)3 (116 mg, 125 µmol) and THF (10 mL) were added. 
The resulting suspension was sonicated for ca. 2 min then warmed to 30 °C. Addition of 
trimethyl phosphite (59 µL, 500 µmol) to the deep-red solution resulted in the formation of 
orange solution which was stirred for additional 50 min. In another flask, NaH (60%, 140 mg, 
3.6 mmol) was suspended in THF (15 mL), and dimethyl 2-(but-3-en1-yl)malonate (E84, 698 
mg, 3.75 mmol) was added slowly via syringe at room temperature. The resulting solution was 
added to the solution of catalyst via cannula. Dimethyl (1-phenylallyl) carbonate (E86, 480 mg, 
2.50 mmol) was added to the mixture via syringe at 30 °C. The mixture was stirred for 6 h at the 
same temperature. The mixture was treated with sat. aq. NH4Cl and extracted with Et2O (3 
times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (AcOEt : hexane = 1 : 15) to afford dimethyl 
2-(but-3-en-1-yl)-2-(1-phenylallyl)malonate (E87, 817 mg, 2.70 mmol, quant.) as a colorless 
oil. 
1H-NMR (400 MHz, CDCl3): δ 7.29–7.20 (m, 3H), 7.16–7.13 (m, 2H), 6.39 (double double 




5.11 (dd, J = 10.3, 0.8 Hz, 1H), 5.03 (dd, J = 16.0, 1.4 Hz, 1H), 4.94 (dd, J = 17.2, 1.4 Hz, 1H), 
4.91 (dd, J = 10.4, 0.8 Hz, 1H), 4.00 (d, J = 8.5 Hz, 1H), 3.72 (s, 3H), 3.69 (s, 3H), 2.11–2.03 
(m, 1H), 1.92–1.84 (m, 2H), 1.81–1.75(m, 1H).  13C-NMR (100 MHz, CDCl3): δ 171.1, 170.6, 
139.1, 137.6, 129.1, 128.3, 127.2, 117.1, 114.9, 62.4, 55.0, 52.1, 51.9, 34.2, 29.2.  IR (neat, 
cm-1): 1729.  MS m/z: 302 (M+), 117 (100%).  HRMS (EI): Calcd. for C18H22O4 302.1518 
(M+), found: 302.1527. 
 
Dimethyl 3,4-dihydro-[1,1’-biphenyl]-2,2(1H)-dicarboxylate (E88) 
  To a solution of dimethyl 2-(but-3-en-1-yl)-2-(1-phenylallyl)malonate (E87, 605 mg, 2.00 
mmol) in CH2Cl2 (40 mL) was added Grubbs 1st generation catalyst (82.2 mg, 100 µmol) at 
room temperature. The mixture was stirred for 2 h at the same temperature. The mixture was 
concentrated under reduced pressure and the resulting residue was purified directly with column 
chromatography (AcOEt : hexane = 1 : 15) to afford dimethyl 
3,4-dihydro-[1,1’-biphenyl]-2,2(1H)-dicarboxylate (E88, 422 mg, 1.54 mmol, 77%) as a purple 
solid. 
colorless crystals; mp 113 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 7.29–7.19 (m, 5H), 
5.91–5.88 (m, 1H), 5.78–5.74 (m, 1H), 4.27 (s, 1H), 3.76 (s, 3H), 3.44 (s, 3H), 2.30–2.25 (m, 
1H), 2.17 (dd, J = 10.4, 4.8 Hz, 2H), 2.10–1.91 (m, 1H). 13C-NMR (100 MHz, CDCl3): δ 171.4, 
170.5, 139.2, 129.8, 128.0, 127.6, 127.4, 126.2, 58.4, 52.7, 51.9, 44.7, 22.7, 22.2.  IR (neat, 
cm-1): 1735.  MS m/z: 274 (M+), 214 (100%).  HRMS (EI): Calcd. for C16H18O4 274.1205 
(M+), found: 274.1192. 
 
2,2-Bis(methoxymethyl)-1,2,3,4-tetrahydro-1-1’-biphenyl (E89) 
  To a suspension of LiAlH4 (118 mg, 3.13 mmol) in THF (7 mL) was added dimethyl 
3,4-dihydro-[1,1’-biphenyl]-2,2(1H)-dicarboxylate (E88, 343 mg, 1.25 mmol) dropwise at 0 °C. 
The mixture was stirred at room temperature for 2 h. The mixture was treated with H2O and sat. 
aq. Rochelle salt at 0 °C and stirred at room temperature for 30 min. The mixture was extracted 
with AcOEt (3 times). The organic layer was washed with brine, dried over Na2SO4 and 
evaporated. The residue was used in the next reaction without further purification. A solution of 
the residue in DMF (6.0 mL) was added to a suspension of NaH (60%, 110 mg, 2.7 mmol) in 
DMF (3.0 mL) slowly at 0 °C. The mixture was stirred at room temperature for 1 h. MeI (168 




for 6 h. Additional NaH (60%, 54 mg, 1.4 mmol) and MeI (84 µL, 1.4 mmol) were added to the 
mixture. The mixture was stirred overnight at room temperature. The mixture was treated with 
sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was washed with brine, 
dried over MgSO4 and evaporated. The residue was purified with column chromatography 
(AcOEt : hexane = 1 : 50) to afford 2,2-bis(methoxymethyl)-1,2,3,4-tetrahydro-1-1’-biphenyl 
(E89, 250 mg, 1.01 mmol, 81%) as a colorless oil. 
colorless oil.  1H-NMR (400 MHz, CDCl3): δ 7.29–7.19 (m, 5H), 5.90–5.86 (m, 1H), 5.64 (dt, 
J = 10.4, 2.0 Hz, 1H), 3.44 (d, J = 9.2 Hz, 2H), 3.38 (s, 3H), 3.36 (d, J = 9.2 Hz, 1H), 3.11 (s, 
3H), 3.05 (d, J = 9.2 Hz, 1H), 2.47 (d, J = 9.2 Hz, 1H), 2.15–2.12 (m, 2H), 1.63–1.59 (m, 1H), 
1.56–1.49 (m, 1H). 13C-NMR (100 MHz, CDCl3): δ 141.1, 130.1, 128.8, 127.6, 127.0, 126.3, 
74.31, 74.30, 59.2, 58.7, 44.4, 40.9, 22.8, 21.9.  IR (neat, cm-1): 2887.  MS m/z: 246 (M+), 
182 (100%).  HRMS (EI): Calcd. for C16H22O 246.1620 (M+), found:246.1593. 
 
• (3,4-Dimethylcyclohex-3-en-1-yl)methyl benzoate (E91) 
Scheme E-42: Synthesis of (3,4-dimethylcyclohex-3-en-1-yl)methyl benzoate (E91) 
 
(3,4-Dimethylcyclohex-3-en-1-yl)methyl benzoate (E91) 
  To a mixture of 2,3-dimethyl-1,3-butadiene (E90, 563 µL, 5.0 mmol) and acroleine (501 µL, 
7.50 mmol) in Et2O (5 mL) was added BF3·OEt2 (190 µL, 1.5 mmol) at 0 °C. The mixture was 
stirred at room temperaure for 30 min. The mixture was quenched with H2O at 0 °C and 
extracted with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was dissolved in MeOH (25 mL). NaBH4 (284 mg, 7.50 mmol) was 
slowly added to the solution at 0 °C. The mixture was stirred for 2 h at room temperature. 
Additional NaBH4 (284 mg, 7.50 mmol) was slowly added to the solution. The mixture was 
stirred for another 1 h at room temperature. The mixture was evaporated, dissolved in AcOEt 
and H2O and extracted with AcOEt (3 times). The organic layer was washed with brine, dried 
over MgSO4 and evaporated. The residue was purified with column chromatography (AcOEt : 
1. acrolein
    BF3•OEt2, Et2O
    rt, 30 min
2. NaBH4, MeOH
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hexane = 1 : 8 to 1 :4) to afford a mixture of (3,4-dimethylcyclohex-3-en-1-yl)methanol and 
impurities (317 mg). The mixture was used in the next reaction without further purification. 
BzCl (313 µL, 2.72 mmol) was added to a solution of the mixture, Et3N (760 µL, 5.45 mmol) 
and DMAP (27.7 mg, 227 µmol) in CH2Cl2 (10 mL) slowly at 0 °C. The mixture was stirred at 
room temperature for 2 h. The mixture was treated with H2O and extracted with CHCl3 (3 
times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (AcOEt : hexane = 1 : 50) to afford 
(4-methylcyclohex-3-en-1-yl)methyl benzoate (E91, 429 mg, 1.75 mmol, 35% for 3 steps) as a 
colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.05 (dd, J = 8.0, 1.6 Hz, 2H), 7.55 (tt, J = 8.0, 1.6 Hz, 1H), 
7.44 (t, J = 8.0 Hz, 2H), 4.22 (d, J = 6.0 Hz, 2H), 2.09–1.55 (m, 12H), 1.43–1.29 (m, 1H). 
13C-NMR (100 MHz, CDCl3): δ 166.7, 132.8, 130.5, 129.6, 128.3, 125.6, 124.1, 69.3, 34.8, 34.0, 
31.0, 26.2, 19.1, 18.9.  IR (neat, cm-1): 2912,1721.  MS m/z: 244 (M+), 107 (100%).  HRMS 
(EI): Calcd. for C16H20O2 244.1463 (M+), found: 244.1447. 
 
• Cyclopent-3-ene-1,1-diylbis(methylene) dibenzoate (E94) 




  To a suspension of NaH (60%, 1.0 g, 25 mmol) in DMF (30 mL), dimethyl malonate (E92, 
1.2 mL, 10 mmol) was added slowly via syringe at 0 °C. The suspension was stirred for 1 h at 
the same temperature. cis-1,4-Dichloro-2-butene (1.2 mL, 11 mmol) was added to the 
suspension slowly via syringe at 0 °C. The mixture was stirred for 18 h at room temperature. 
The mixture was treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic 
layer was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (AcOEt : hexane = 1 : 8) to afford a mixture of dimethyl 
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mixture was used in the next reaction without further purification. The solution of the mixture 
(1.35 g) in THF (10 mL) was added to a suspension of LiAlH4 (622 mg, 16.4 mmol) in THF (20 
mL) dropwise at 0 °C. The mixture was stirred at room temperature for 5 h. The mixture was 
treated with H2O at 0 °C and sat. aq. Rochelle salt and stirred at room temperature for 30 min. 
The solution was extracted with AcOEt (3 times). The organic layer was washed with brine, 
dried over Na2SO4 and evaporated. The residue was recrystallized from AcOEt-hexane to afford 
cyclopent-3-ene-1,1-diyldimethanol (E93, 559 mg, 4.36 mmol, 44% for 2 steps) as colorless 
crystals. 
mp 71–72 °C (AcOEt-hexane)  1H-NMR (400 MHz, CDCl3): δ 5.63 (s, 2H), 3.70 (d, J = 4.0 
Hz, 4H), 2.33 (s, 2H), 2.22 (s, 4H).  13C-NMR (100 MHz, CDCl3): δ 128.8, 70.2, 47.7, 38.6.  
IR (neat, cm-1): 3348, 2846, 1027.  HRMS (ESI-pos) Calcd. for C7H12O2Na ([M+Na]+) : 
151.0730, found: 151.0723. 
 
Cyclopent-3-ene-1,1-diylbis(methylene) dibenzoate (E94) 
  To a solution of cyclopent-3-ene-1,1-diyldimethanol (E93, 128 mg, 1.00 mmol), DMAP 
(12.2 mg, 100 µmol) and Et3N (418 µL, 3.00 mmol) in CH2Cl2 (5 mL) was added BzCl (288 µL, 
2.50 mmol) at 0 °C. The mixture was stirred for 15 h at room temperature. The mixture was 
treated with H2O and extracted with CH2Cl2 (3 times). The organic layer was dried over MgSO4 
and evaporated. The residue was purified with column chromatography (AcOEt : hexane = 1 : 
25) to afford cyclopent-3-ene-1,1-diylbis(methylene) dibenzoate (E94, 252 mg, 751 µmol, 75%) 
as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.02 (d, J = 7.2 Hz, 4H), 7.55 (t, J = 7.2 Hz, 2H), 7.42 (t, J = 7.2 
Hz, 4H), 5.70 (s, 2H), 4.41 (s, 4H), 2.47 (s, 4H).  13C-NMR (100 MHz, CDCl3): δ 166.6, 133.0, 
130.1, 129.6, 128.7, 128.4, 68.0, 45.4, 39.3.  IR (neat, cm-1): 1719, 1275.  HRMS (ESI-pos) 




• Ethyl 1-phenylcyclopent-3-ene-1-carboxylate (E96)  
Scheme E-43: Synthesis of ethyl 1-phenylcyclopent-3-ene-1-carboxylate (E96)  
 
 
Ethyl 1-phenylcyclopent-3-ene-1-carboxylate (E96) 
  To a solution of ethyl phenylacetate (E95, 1.64 g, 10.0 mmol) in THF-DMPU (4:1, 25 mL) 
was added NaH (60%, 820 mg, 21 mmol) slowly at 0 °C. The suspension was stirred at 50 °C 
for 2 h and became a solution. cis-1,4-Dichloro-2-butene (1.3 mL, 12 mmol) was added to the 
solution slowly via syringe. The mixture was stirred for 5 h at 50 °C. The mixture was treated 
with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer was washed with brine, 
dried over MgSO4 and evaporated. The residue was purified with column chromatography 
(AcOEt : hexane = 1 : 25) to afford a mixture of ethyl 1-phenylcyclopent-3-ene-1-carboxylate 
(E96) and impurity (1.06 g) as a yellow oil. The mixture was used in the next reaction without 
further purification. NaOH (1.18 g, 29.4 mmol) was added to the mixture (1.06 g) in H2O-EtOH 
(2:1, 15 mL). The mixture was stirred at 60 °C overnight. After being cooled to room 
temperature, the mixture was washed with Et2O (once). The aqueous layer was acidified with 
10% aq. HCl and extracted with AcOEt (3 times). The organic layer was dried over MgSO4 and 
evaporated. The residue was recrystallized from AcOEt-hexane to afford a mixture of 
1-phenylcyclopent-3-ene-1-carboxylic acid and impurities (426 mg) as a pale yellow solid. The 
mixture was used in the next reaction without further purification. c.H2SO4 (3 drops by pasteur 
pipettes) was added to the solution of the mixture (426 mg) in EtOH (10 mL) and the solution 
was refluxed for 14 h. After being cooled to room temperature, additional c.H2SO4 (3 drops by 
pasteur pipettes) was added to the solution and the solution was refluxed for 8 h. After being 
cooled to room temperature, sat. aq. NaHCO3 was added to the solution and the solution was 
concentrated under reduced pressure. The residue was diluted with H2O and extracted with Et2O 
(3 times). The organic layer was washed with brine, dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (AcOEt : hexane = 1 : 25) to afford ethyl 







50 °C, 5 h
1. NaOH
    H2O-EtOH (2:1)
    60 °C, overnight;
    recrystallization
2. c.H2SO4 (cat.)
    EtOH, reflux, 22 h











1H-NMR (400 MHz, CDCl3): δ 7.34–7.20 (m, 5H), 5.76 (s, 2H), 4.10 (q, J = 6.8 Hz, 2H), 3.41 
(d, J = 14.8 Hz, 2H), 2.75 (d, J = 14.8 Hz, 2H), 1.16 (t, J = 6.8 Hz, 3H).  13C-NMR (100 MHz, 
CDCl3): δ 176.0, 144.0, 129.1, 128.3, 126.6, 126.5, 61.1, 58.4, 42.8, 14.0.  IR (neat, cm-1): 
1726.  MS m/z: 216 (M+), 143 (100%).  HRMS (EI): Calcd. for C14H16O2 216.1150 (M+), 
found: 216.1170. 
 
• Cyclopent-3-en-1-yl benzoate (E100) 
Scheme E-44: Synthesis of cyclopent-3-en-1-yl benzoate (E100) 
 
Hepta-1,6-dien-4-ol (E98) 
  To a 200 mL two-necked round bottom flask was added magnesium turning (960 mg, 40.0 
mmol) and the flask was flame dried under reduced pressure. THF (30 mL) and a piece of 
iodine were added to the flask and the suspension was stirred at room temperature for 10 min. A 
few drops of allyl bromide were added to the suspension via syringe and the mixture was 
refluxed (a Grignard reagent was generated). A solution of ethyl formate (E97, 1.6 mL, 20 
mmol) and allyl bromide (3.6 mL, 43 mmol) in THF (10 mL) was added to the mixture with 
maintaining reflux. After the addition, the mixture was stirred for 2 h at room temperature. The 
mixture was treated with sat. aq. NH4Cl and extracted with Et2O (3 times). The organic layer 
was washed with brine, dried over MgSO4 and evaporated. The residue was purified with 
Kugelrohl distillation (50 °C, 18 Torr) to afford hepta-1,6-dien-4-ol (E98, 1.35 g, 12.1 mmol, 
61%) as a colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 5.84 (double double triplet, J = 17.2, 10.0, 6.8 Hz, 2H), 5.16–
5.12 (m, 4H), 3.73–3.70 (m, 1H), 2.35–2.28 (m, 2H), 2.20 (dt, J = 14.0, 7.6 Hz, 2H), 1.75 (br s, 
1H).  13C-NMR (100 MHz, CDCl3): δ 134.6, 118.1, 69.8, 41.2.  IR (neat, cm-1): 3373, 2925, 
1641.  MS m/z: 95 ([M–OH]+), 71 (100%).  HRMS (EI): Calcd. for C7H11 95.0861 ([M–
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Hepta-1,6-dien-4-yl benzoate (E99) 
  To a solution of the hepta-1,6-dien-4-ol (E98, 224 mg, 2.00 mmol), Et3N (558 µL, 4.00 
mmol) and DMAP (24.4 mg, 200 µmol) in CH2Cl2 (10 mL) was added BzCl (279 µL, 2.40 
mmol) slowly at 0 °C. The mixture was stirred at room temperature for 24 h. Additional Et3N 
(558 µL, 4.00 mmol) and BzCl (279 µL, 2.40 mmol) were added to the mixture and the mixture 
was stirred for 24 h at room temperature. The mixture was treated with sat. aq. NaHCO3 and 
extracted with CH2Cl2 (3 times). The organic layer was dried over MgSO4 and evaporated. The 
residue was purified with column chromatography (AcOEt : hexane = 1 : 50) to afford 
hepta-1,6-dien-4-yl benzoate (E99, 373 mg, 1.72 mmol, 86%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 8.0, 1.2 Hz, 2H), 7.55 (t, J = 8.0 Hz, 1H), 7.43 (t, J 
= 8.0 Hz, 2H), 5.83 (ddt, J = 17.2, 10.8, 6.8 Hz, 2H), 5.22 (quint, J = 6.8 Hz, 1H), 5.13 (dd, J = 
17.2, 1.6 Hz, 2H), 5.09 (d, J = 10.8 Hz, 2H), 2.47 (t, J = 6.8 Hz, 2H).  13C-NMR (100 MHz, 
CDCl3): δ 166.0, 133.4, 132.8, 130.6, 129.5, 128.3, 118.0, 73.1, 38.0.  IR (neat, cm-1): 1717.  
MS m/z: 216 (M+), 105 (100%).  HRMS (EI): Calcd. for C14H16O2 216.1150 (M+), found: 
216.1156. 
 
Cyclopent-3-en-1-yl benzoate (E100) 
  To a solution of hepta-1,6-dien-4-yl benzoate (E99, 550 mg, 2.54 mmol) in 
1,2-dichloroethane (25 mL) was added Grubbs 1st generation catalyst (20.9 mg, 25.4 µmol) at 
room temperature. The solution was stirred at 40 °C for 10 h. After being cooled to room 
temperature, the solution was concentrated under reduced pressure. The residue was purified 
with column chromatography (AcOEt : hexane = 1 : 100 to 1 : 20) to afford cyclopent-3-en-1-yl 
benzoate (E100, 456 mg, 2.42 mmol, 95%) as a colorless oil.  
1H-NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 8.0, 1.6 Hz, 2H), 7.54 (t, J = 8.0 Hz, 1H), 7.42 (t, J 
= 8.0 Hz, 2H), 5.77 (s, 2H), 5.65–5.60 (m, 1H), 2.86 (dd, J = 16.8, 7.2 Hz, 2H), 2.56 (dd, J = 
16.8, 2.4 Hz, 2H).  13C-NMR (100 MHz, CDCl3): δ 166.5, 132.8, 130.6, 129.5, 128.31, 128.26, 
74.8, 39.8.  IR (neat, cm-1): 1716.  MS m/z: 189 ([M+H]+), 66 (100%).  HRMS (EI): Calcd. 




• Cyclohept-4-ene-1,1-diylbis(methylene) dibenzoate (E103) 
Scheme E-45: Synthesis of cyclohept-4-ene-1,1-diylbis(methylene) dibenzoate (E103) 
 
 
Dimethyl 2,2-di(but-3-en-1-yl)malonate (E101) 
  To a suspension of NaH (60%, 600 mg, 15 mmol) in DMF (25 mL), dimethyl malonate (E92, 
1.15 mL, 10.0 mmol) was added slowly via syringe at 0 °C. The suspension was stirred for 30 
min at the same temperature. 4-Bromo-1-butene (1.3 mL, 13 mmol) was added to the 
suspension slowly via syringe at 0 °C. The mixture was stirred for 2 h at room temperature, for 
6 h at 50 °C and then for 12 h at 70 °C. After being cooled to 0 °C, additional NaH (60%, 600 
mg, 15 mmol) and 4-bromo-1-butene (1.3 mL, 13 mmol) were added to the suspension slowly. 
The mixture was stirred for 7 h at 70 °C. The mixture was treated with sat. aq. NH4Cl and 
extracted with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (AcOEt : hexane = 1 : 8) to 
afford dimethyl 2,2-di(but-3-en-1-yl)malonate (E101, 1.59 g, 6.62 mmol, 66%) as a colorless 
oil. 
1H-NMR (400 MHz, CDCl3): δ 5.82–5.73 (m, 2H), 5.03 (d, J = 17.2 Hz, 2H), 4.97 (d, J = 10.8 
Hz, 2H), 3.72 (s, 6H), 2.03–1.93 (m, 8H).  13C-NMR (100 MHz, CDCl3): δ 171.9, 137.4, 115.1, 
57.1, 52.3, 31.9, 28.4.  IR (neat, cm-1): 1735.  HRMS (ESI-pos) Calcd. for C13H20O4Na 
([M+Na]+) : 263.1254, found: 263.1240. 
 
Cyclohept-4-ene-1,1-diyldimethanol (E102_ 
  To a solution of dimethyl 2,2-di(but-3-en-1-yl)malonate (E101, 721 mg, 3.00 mmol) in 
ClCH2CH2Cl (40 mL) was added Grubbs 1st generation catalyst (49.4 mg, 60.0 µmol). The 
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reduced pressure and the residue was directly purified with column chromatography (AcOEt : 
hexane = 1 : 9) to afford a pale brown oil containing desired dimethyl 
cyclohept-4-ene-1,1-dicarboxylate (639 mg). The crude oil was used in the next reaction 
without further purification. A solution of the oil (639 mg) in THF (5 mL) was added to a 
suspension of LiAlH4 (251 mg, 6.62 mmol) in THF (10 mL) via cannula at 0 °C. The 
suspension was stirred for 9.5 h at room temperature. Additional LiAlH4 (126 mg, 3.31 mmol) 
was added slowly at 0 °C. The suspension was stirred for another 1 h at room temperature. The 
mixture was treated with H2O at 0 °C and sat. aq. Rochelle salt and stirred at room temperature 
for 30 min. The mixture was extracted with AcOEt (3 times). The organic layer was washed 
with brine and dried over Na2SO4 and evaporated. The residue was recrystallized from 
AcOEt-hexane to afford cyclohept-4-ene-1,1-diyldimethanol (E102, 386 mg, 2.47 mmol, 82% 
for 2 steps) as colorless crystals. 
mp 74–75 °C (AcOEt-hexane)  1H-NMR (400 MHz, CDCl3): δ 5.65 (s, 2H), 3.61 (s, 4H), 2.40 
(s, 2H), 2.13 (s, 4H), 1.55–1.53 (m, 4H).  13C-NMR (100 MHz, CDCl3): δ 130.8, 69.1, 41.6, 
29.9, 23.6.  IR (neat, cm-1): 3323, 2930, 1033.  HRMS (ESI-pos) Calcd. for C9H16O2Na 
([M+Na]+) : 179.1043, found: 179.1035. 
 
Cyclohept-4-ene-1,1-diylbis(methylene) dibenzoate (E103) 
  To s solution of cyclohept-4-ene-1,1-diyldimethanol (E102, 234 mg, 1.50 mmol), DMAP 
(18.3 mg, 150 µmol) and Et3N (558 µL, 4.00 mmol) was added BzCl (380 µL, 3.30 mmol) at 
0 °C. The mixture was stirred for 3.5 h at room temperature. Additional BzCl (380 µL, 3.30 
mmol) and Et3N (558 µL, 4.00 mmol) were added to the mixture. The mixture was stirred for 10 
h at room temperature. The mixture was treated with H2O and extracted with CH2Cl2 (3 times). 
The organic layer was dried over MgSO4 and evaporated. The residue was purified with column 
chromatography (AcOEt : hexane = 1 : 25) to afford a mixture of 
cyclohept-4-ene-1,1-diylbis(methylene) dibenzoate (E103) and impurities. The mixture was 
purified with GPC (CHCl3) to afford pure cyclohept-4-ene-1,1-diylbis(methylene) dibenzoate 
(E103, 484 mg, 1.33 mmol, 89%) as a white solid. 
colorless crystals; mp 70 °C (hexane)  1H-NMR (400 MHz, CDCl3): δ 8.02 (d, J = 7.6 Hz, 4H), 
7.54 (t, J = 7.6 Hz, 2H), 7.42 (t, J = 7.6 Hz, 4H), 5.69–5.68 (m, 2H), 4.37 (s, 4H), 2.26–2.25 (m, 
4H), 1.80–1.78 (m, 4H).  13C-NMR (100 MHz, CDCl3): δ 166.5, 133.0, 130.6, 130.2, 129.6, 




HRMS (EI): Calcd. for C23H24O4 364.1675 (M+), found: 364.1663. 
 
• Cyclohept-4-en-1-yl benzoate (E106) 
Scheme E-46: Synthesis of cyclohept-4-en-1-yl benzoate (E106) 
 
Nona-1,8-dien-5-ol (E104) 
  To a 30 mL two-necked round bottom flask was added magnesium turning (150 mg, 6.25 
mmol) and the flask was flame dried under reduced pressure. THF (5 mL) and a piece of iodine 
were added to the flask and the suspension was stirred at room temperature for 10 min. 
4-Bromo-1-butene (630 µL, 6.25 mmol) was added slowly to the suspension via syringe and the 
mixture was heated (a Grignard reagent was generated after the heating). After being cooled to 
0 °C, ethyl formate (E97, 200 µL, 2.50 mmol) was added to the mixture and the mixture was 
stirred for 2 h at room temperature. The mixture was treated with sat. aq. NH4Cl and extracted 
with Et2O (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (Et2O : hexane = 1 : 4) to 
afford nona-1,8-dien-5-ol (E104, 326 mg, 2.33 mmol, 93%) as a yellow oil.  
1H-NMR (400 MHz, CDCl3): δ 5.84 (double double triplet, J = 17.2, 10.0, 6.8 Hz, 2H), 5.05 (dq, 
J = 17.2, 1.6 Hz, 2H), 4.98 (dd, J = 10.0, 1.6 Hz, 2H), 3.66 (sextet, J = 4.4 Hz, 1H), 2.26–2.09 
(m, 4H), 1.63–1.48 (m, 4H), 1.46 (d, J = 4.4 Hz, 1H).  13C-NMR (100 MHz, CDCl3): δ 138.5, 
114.8, 71.0, 36.5, 30.0.  IR (neat, cm-1): 3347, 2934, 1641.  HRMS (ESI-pos): Calcd. for 
C9H17O 141.1274 ([M+H]+), found: 141.1269. 
 
Nona-1,8-dien-5-yl benzoate (E105) 
  To a solution of nona-1,8-dien-5-ol (E104, 280 mg, 2.00 mmol), Et3N (558 µL, 4.00 mmol) 
and DMAP (24.4 mg, 200 µmol) in CH2Cl2 (10 mL) was added BzCl (279 µL, 2.40 mmol) 
slowly at 0 °C. The mixture was stirred at room temperature for 24 h. Additional Et3N (558 µL, 
4.00 mmol) and BzCl (279 µL, 2.40 mmol) were added to the mixture and the mixture was 
stirred for 24 h at room temperature. Additional Et3N (558 µL, 4.00 mmol) and BzCl (279 µL, 






















The mixture was treated with sat. aq. NaHCO3 and extracted with CH2Cl2 (3 times). The organic 
layer was dried over MgSO4 and evaporated. The residue was purified with column 
chromatography (AcOEt : hexane = 1 : 50) to afford nona-1,8-dien-5-yl benzoate (E105, 444 
mg, 1.82 mmol, 91%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.45 (t, J = 7.6 
Hz, 2H), 5.82 (double double triplet, J = 17.2, 10.8, 6.6 Hz, 2H), 5.19 (tt, J = 7.6, 4.8 Hz, 1H), 
5.02 (dd, J = 17.2, 1.6 Hz, 2H), 4.96 (d, J = 10.8 Hz, 2H), 2.20–2.10 (m, 4H), 1.88–1.71 (m, 
4H).  13C-NMR (100 MHz, CDCl3): δ 166.2, 137.8, 132.8, 130.6, 129.6, 128.3, 115.0, 73.8, 
33.4, 29.6.  IR (neat, cm-1): 2922, 1716.  MS m/z: 244 (M+), 105 (100%).  HRMS (EI): 
Calcd. for C16H20O2 244.1463 (M+), found: 244.1472. 
 
Cyclohept-4-en-1-yl benzoate (E106) 
  To a solution of nona-1,8-dien-5-yl benzoate (E105, 600 mg, 2.46 mmol) in 
1,2-dichloroethane (25 mL) was added Grubbs 1st generation catalyst (20.2 mg, 24.6 µmol) at 
room temperature. The solution was stirred at 40 °C for 18 h. After being cooled to room 
temperature, the solution was concentrated under reduced pressure. The residue was purified 
with column chromatography (AcOEt : hexane = 1 : 50) to afford a mixture of 
cyclohept-4-en-1-yl benzoate (E106) and impurities (542 mg). Part of the mixture was purified 
with GPC to afford pure cyclohept-4-en-1-yl benzoate (E106) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 
Hz, 2H), 5.84–5.82 (m, 2H), 5.27 (tt, J = 8.0, 4.0 Hz, 1H), 2.39–2.33 (m, 2H), 2.12–1.99 (m, 
4H), 1.82–1.74 (m, 2H).  13C-NMR (100 MHz, CDCl3): δ 165.7, 132.7, 131.8, 130.9, 129.5, 
128.3, 76.3, 32.1, 23.1.  IR (neat, cm-1): 1714.  HRMS (ESI): Calcd. for C14H16O2Na 
239.1043 ([M+Na]+), found: 239.1037. 
 
• Cyclooct-4-en-1-yl benzoate (E109) 
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  To a 1,5-cyclooctadiene (E107, 5.00 g, 41.0 mmol) was added a solution of mCPBA (≤77%, 
12 g, 56 mmol) in CHCl3 (100 mL) slowly over 2 h at 0 °C via dropping funnel. The mixture 
was stirred at room temperature overnight. The mixture was treated with sat. aq. NaHCO3 and 
Na2SO3. The mixture was extracted with CHCl3 (3 times). The organic layer was washed with 
brine, dried over MgSO4 and evaporated. The residue was purified with column 
chromatography (AcOEt : hexane = 1 : 15) to afford 9-oxabicyclo[6.1.0]non-4-ene (E108, 4.43 
g, 35.7 mmol, 87%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 5.59–5.57 (m, 2H), 3.06–3.03 (m, 2H), 2.48–2.42 (m, 2H), 
2.18–2.11 (m, 2H), 2.08–1.99 (m, 4H).  13C-NMR (100 MHz, CDCl3): δ 128.8, 56.7, 28.1, 23.7.  
IR (neat, cm-1): 2941.  HRMS (ESI-pos): Calcd. for C8H12ONa 147.0780 ([M+Na]+), found: 
147.0789. 
 
Cyclooct-4-en-1-yl benzoate (E109) 
  To a suspension of LiAlH4 (342 mg, 9.00 mmol) in THF (10 mL) was added 
9-oxabicyclo[6.1.0]non-4-ene (E108, 373 mg, 3.00 mmol) in THF (2 mL) dropwise at 0 °C. The 
mixture was refluxed for 5 h. The mixture was treated with H2O at 0 °C and sat. aq. Rochelle 
salt and stirred at room temperature for 30 min. The solution was extracted with AcOEt (3 
times). The organic layer was washed with brine and dried over MgSO4 and evaporated. The 
residue was used in the next reaction without further purification. BzCl (360 µL, 3.10 mmol) 
was added to a solution of the residue, Et3N (627 µL, 4.50 mmol) and DMAP (36.7 mg, 300 
µmol) in CH2Cl2 (10 mL) slowly at 0 °C. The mixture was stirred at room temperature for 3 h. 
Additional BzCl (360 µL, 3.10 mmol) was added to a solution. The mixture was stirred at room 
temperature overnight. The mixture was treated with H2O and extracted with CH2Cl2 (3 times). 
The organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with column chromatography (AcOEt : hexane = 1 : 100) to afford a mixture of 
cyclooct-4-en-1-yl benzoate (E109) and unknown impurities (487 mg). The mixture was 
purified with GPC to afford pure cyclooct-4-en-1-yl benzoate (E109, 317 mg, 1.37 mmol, 46% 
for 2 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 8.03 (d, J = 7.6 Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.6 
Hz, 2H), 5.78–5.63 (m, 2H), 5.10 (td, J = 8.8, 4.4 Hz, 1H), 2.46–2.37 (m, 1H), 2.26–2.13 (m, 




(100 MHz, CDCl3): δ 165.9, 132.7, 131.0, 129.8, 129.7, 129.5, 128.3, 76.2, 33.8, 33.4, 25.6, 
24.9, 22.4.  IR (neat, cm-1): 2933, 1712.  HRMS (ESI-pos): Calcd. for C15H18O2Na 253.1199 
([M+Na]+), found: 253.1193. 
 
• (E)-hex-3-ene-1,6-diyl dibenzoate (154) 
 
  To a solution of (E)-hex-3-ene-1,6-diol (E110, 581 mg, 5.00 mmol), Et3N (3.3 mL, 24.0 
mmol) and DMAP (61.1 mg, 500 µmol) in CH2Cl2 (20 mL) was added BzCl (1.4 mL, 12.0 
mmol) slowly at 0 °C. The mixture was stirred at room temperature for 1 h. The mixture was 
diluted with H2O and extracted with CHCl3 (3 times). The organic layer was washed with brine 
and dried over MgSO4 and evaporated. The residue was purified with column chromatography 
(AcOEt : hexane = 1 : 8) to afford (E)-hex-3-ene-1,6-diyl dibenzoate (154, 1.51 g, 4.66 mmol, 
93%) as a white solid. 
colorless crystals; mp 51 °C (hexane).  1H-NMR (400 MHz, CDCl3): δ 8.01 (dd, J = 8.0, 1.2 
Hz, 4H), 7.53 (t, J = 8.0 Hz, 2H), 7.41 (t, J = 8.0 Hz, 4H), 5.66-5.64 (m, 2H), 4.33 (t, J = 6.8 Hz, 
4H), 2.51-2.48 (m, 4H). 13C-NMR (100 MHz, CDCl3): δ 166.5, 132.8, 130.3, 129.5, 128.5, 
128.3, 64.3, 32.1.  IR (neat, cm-1): 1716.  HRMS (ESI-pos): Calcd. for C20H20O4Na 347.1254 
([M+Na]+), found: 347.1240. 
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  To a solution of imidazole (4.3 g, 63 mmol) and PPh3 (6.1 g, 23 mmol) in CH2Cl2 (84 mL) 
was added I2 (5.9 g, 23.1 mmol) at 0 °C. The suspension was stirred for 10 min at the same 
temperature. Then, 3-((tert-butyldimethylsilyl)oxy)propan-1-ol (E5, 4.0 g, 21 mmol) in CH2Cl2 
(42 mL) was added to the mixture via cannula and the resulting mixture was stirred at room 
temperature for 2 h in the dark. The mixture was quenched with sat. aq. NaHCO3 and Na2SO3 
and extracted with CH2Cl2 (twice). The organic layer was dried over MgSO4 and evaporated. 
The residue was purified with column chromatography (AcOEt : hexane = 1 : 50) to afford 
3-((tert-butyldimethylsilyl)oxy)-1-iodopropane (E111, 5.1 g, 17 mmol, 82%) as a colorless oil 
colorless oil.  1H-NMR (400 MHz, CDCl3): δ 3.67 (t, J = 6.0 Hz, 2H), 3.28 (t, J = 6.0 Hz, 2H), 
1.99 (quint, J = 6.0 Hz, 2H), 0.90 (s, 9H), 0.07 (s, 6H). 13C-NMR (100 MHz, CDCl3): δ 62.3, 
36.1, 25.9, 18.3, 3.68, –5.3.  IR (neat, cm-1): 2954.  MS m/z: 242.9 (M+), 242.9 (100%).  
HRMS (EI): Calcd. for C5H12OSiI 242.9702 (M+), found: 242.9703. 
 
(3-((tert-Butyldimetylisilyl)oxy)propyl)triphenylphosphonium iodide (E112) 
  To a solution of 3-((tert-butyldimethylsilyl)oxy)-1-iodopropane (E111, 2.34 g, 7.79 mmol) in 
iPr2NEt (7.7 mL) was added PPh3 (3.07 g, 11.7 mmol). The mixture was stirred for 36 h at 
80 °C (white precipitate was formed). The resulting suspension was filtered and the precipitate 
was washed with hexane and dried to afford 
(3-((tert-butyldimetylisilyl)oxy)propyl)triphenylphosphonium iodide (E112, 3.63 g, 6.45 mmol, 
83%) as a colorless solid. 
colorless crystals; mp 103 °C (AcOEt).  1H-NMR (400 MHz, CDCl3): δ 7.82-7.70 (m, 15H), 
3.85 (m, 2H), 3.74 (m ,2H), 1.90 (m ,2H), 0.85 (s, 9H), 0.03 (s, 6H).  13C-NMR (100 MHz, 
CDCl3): δ 134.9 (d, J = 3.2 Hz), 133.3 (d, J = 9.9 Hz), 130.3 (d, J = 12.4 Hz), 117.7 (d, J = 86.4 
Hz), 61.3 (d, J = 16.5 Hz), 25.64 (d, J = 4.2 Hz), 25.57, 18.9 (d, J = 53.5 Hz), 17.8, –5.5.  IR 
(ATR, cm-1): 2856.  HRMS (ESI-pos): Calcd. for C27H36OPSi 435.2268 (M+), found: 
435.2240. 
 
3-Hydroxypropyl benzoate (E113) 
  To a solution of 1,3-propandiol (E4, 4.3 mL, 60 mmol) and Et3N (5.6 mL, 40 mmol) in 
CH2Cl2 (100 mL) was slowly added BzCl (2.3 mL, 20 mmol) at 0 °C. The solution was stirred 




times). The organic layer was dried over MgSO4 and evaporated. The residue was purified with 
column chromatography (AcOEt : hexane = 1 : 1) to afford 3-hydroxypropyl benzoate (E113, 
2.97 g, 16.5 mmol, 82%) as a colorless oil. 
colorless oil.  1H-NMR (400 MHz, CDCl3): δ 8.04 (d, J = 7.2 Hz, 2H), 7.57 (t, J = 7.2 Hz, 1H), 
7.44 (t, J = 7.2 Hz, 2H), 4.50 (t, J = 6.0 Hz, 2H), 3.78 (q, J = 6.0 Hz , 2H), 2.01 (quint, J = 6.0 
Hz, 2H), 1.94 (br s, 1H). 13C-NMR (100 MHz, CDCl3):  δ 167.0, 133.0, 130.1, 129.6, 128.4, 
61.8, 59.2, 31.9.  IR (neat, cm-1): 3415, 2959, 1717.  MS m/z: 180 (M+), 105 (100%).  
HRMS (EI): Calcd. for C10H12O3 180.0786 (M+), found: 180.0784. 
 
(Z)-Hex-3-ene-1,6-diyl dibenzoate (155) 
  To a solution of 3-hydroxypropyl benzoate (E113, 541 mg, 3.00 mmol), AZADO (4.56 mg, 
30.0 µmol) and KBr (35.7 mg, 300 µmol) in sat. aq. NaHCO3-CH2Cl2 (1:1, 16 mL) was added 
aq. NaOCl (1.5 M, 2.4 mL, 3.6 mmol) over 5 min at 0 °C. The biphasic solution was vigorously 
stirred at the same temperature for 20 min. The mixture was quenched with aq. Na2S2O3 and 
extracted with CH2Cl2 (3 times). The organic layer was dried over MgSO4 and evaporated to 
afford a crude aldehyde. The aldehyde was used in next reaction without further purification. 
(3-((tert-Butyldimetylisilyl)oxy)propyl)triphenylphosphonium iodide (S57, 1.97 g 3.50 mmol) 
and THF (5 mL) was added to a flame dried 50 mL two-necked flask. The resulting suspension 
was stirred at –20 °C and NaHMDS (1.9 M, 2.0 mL, 3.8 mmol) was slowly added via syringe to 
the suspension. The suspension was stirred at the same temperature for 30 min. The crude 
aldehyde in THF (10 mL) was added to the suspension at –20 °C and the mixture was stirred at 
room temperature for 2 h. The mixture was quenched with sat. aq. NH4Cl and extracted with 
AcOEt (3 times). The organic layer was washed with brine, dried over MgSO4 and evaporated. 
The residue was purified with column chromatography (AcOEt : hexane = 1 : 25) to afford a 
mixture of desired alkene and unknown impurities (527 mg). The mixture was used in the next 
reaction without further purification. TBAF (1.0 M, 1.6 mL, 1.6 mmol) was added to a solution 
of the mixture (527 mg) in THF (8 mL) at room temperature. The mixture was stirred overnight 
at the same temperature. The mixture was diluted H2O and extracted with AcOEt (3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with column chromatography (AcOEt- : hexane = 1 : 2) to afford a mixture of desired 
alcohol and unknown impurities (202 mg). The mixture was used in the next reaction without 




Et3N (192 µL, 1.38 mmol) and DMAP (11.2 mg, 91.9 µmol) in CH2Cl2 (4.6 mL) slowly at 0 °C. 
The mixture was stirred at room temperature for 2 h. The mixture was diluted with H2O and 
extracted with CH2Cl2 (3 times). The organic layer was dried over MgSO4 and evaporated. The 
residue was purified with flash column chromatgraphy (AcOEt : hexane = 1 : 10) to afford a 
mixture of (Z)-hex-3-ene-1,6-diyl dibenzoate (3x) and unknown impurities (274 mg). The 
mixture was purified with GPC to afford (Z)-hex-3-ene-1,6-diyl dibenzoate (155, E:Z = 1:10, 
245 mg, 757 µmol, 25% for 4 steps) as a colorless oil. 
colorless oil; 1H-NMR (400 MHz, CDCl3): δ 8.03 (d, J = 7.6 Hz, 4H), 7.55 (t, J = 7.6 Hz, 2H), 
7.43 (t, J = 7.6 Hz, 4H), 5.63 (t, J = 5.2 Hz, 2H), 4.34 (t, J = 6.8 Hz, 4H), 2.59 (q, J = 6.4 Hz, 
4H). 13C-NMR (100 Hz, CDCl3): δ 166.5, 132.9, 130.3, 129.5, 128.3, 127.6, 64.1, 27.1.  IR 
(neat, cm-1): 1718.  HRMS (ESI-pos): Calcd. for C20H20O4Na 347.1254 ([M+Na]+), found: 
347.1230. 
 
Analytical data for 1,3-cycloalkadienes 
Cyclohexa-2,4-dien-1-ylmethyl benzoate (117)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 7.6 Hz, 2H), 7.56 
(t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 6.03–6.00 (m, 1H), 5.95–5.91 (m, 
1H), 5.83–5.78 (m, 1H), 5.75 (dd, J = 10.0, 4.0 Hz, 1H), 4.28 (d, J = 7.2 Hz, 
2H), 2.82–2.77 (m, 1H), 2.38 (dddd, J = 17.6, 8.8, 4.4, 2.0 Hz, 1H), 2.24 (dddd, J = 17.6, 11.2, 
4.4, 2.0 Hz, 1H).  13C-NMR (100 MHz, CDCl3): δ 166.6, 132.9, 130.3, 129.6, 128.3, 126.1, 
125.7, 125.3, 124.0, 66.3, 32.7, 25.4.  IR (neat, cm-1): 2926, 1719, 1271.  HRMS (ESI-pos): 
Calcd. for C14H15O2 215.1072 ([M+H]+), found: 215.1069. 
 
5-(tert-Buthydiphenylsliyl)oxymethyl-1,3-cyclohexadiene (128)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.66 (d, J = 6.4 Hz, 4H), 
7.44–7.36 (m, 6H), 5.91–5.84 (m, 2H), 5.76–5.68 (m, 2H), 3.60 (d, J = 
7.2 Hz, 2H), 2.56 (m, 1H), 2.26–2.18 (m, 2H), 1.05 (s, 9H).  13C-NMR 
(100 MHz, CDCl3): δ 135.61, 135.59, 133.93, 133.90, 129.5, 127.7, 127.6, 125.6, 124.8, 123.9, 
65.8, 36.0, 26.9, 25.2, 19.3.  IR (neat, cm-1): 2930.  HRMS (ESI-pos): Calcd. for 








Cyclohexa-2,4-dien-1-ylmethyl cinnamate (129) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.70 (d, J = 16.0 Hz, 
1H), 7.54–7.52 (m, 2H), 7.39–7.38 (m, 3H), 6.45 (d, J = 16.0 Hz, 1H), 
6.00 (dd, J = 9.2, 4.8 Hz, 1H), 5.93–5.90 (m, 1H), 5.82–5.77 (m, 1H), 
5.72 (dd, J = 10.0, 4.0 Hz, 1H), 4.17 (d, J = 7.2 Hz, 2H), 2.75–2.70 (m, 1H), 2.35 (dddd, J = 
17.8, 8.8, 4.6, 2.0 Hz, 1H), 2.19 (dddd, J = 17.8, 11.2, 4.6, 2.0 Hz 1H).  13C-NMR (100 MHz, 
CDCl3): δ 167.0, 144.8, 134.4, 130.3, 128.9, 128.1, 126.2, 125.6, 125.3, 124.0, 118.1, 66.0, 32.6, 
25.3.  IR (neat, cm-1): 1713, 1637.  HRMS (ESI-pos): Calcd. for C16H16O2Na 263.1043 
([M+Na]+), found: 263.1024. 
 
5-((4-Azidobutoxy)methyl)cyclohexa-1,3-diene (130) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 5.94–5.91 (m, 1H), 
5.89–5.85 (m, 1H), 5.76 (dt, J = 10.0, 4.5 Hz, 1H), 5.67 (dd, J = 
10.0, 4.0 Hz, 1H), 3.44 (t, J = 5.6 Hz, 2H), 3.38–3.34 (m, 2H), 3.31 
(t, J = 6.8 Hz, 2H), 2.60–2.57 (m, 1H), 2.27 (dddd, J = 17.8, 8.8, 4.8, 1.9 Hz, 1H), 2.12 (dddd, J 
= 17.8, 11.4, 4.4, 2.1 Hz, 1H), 1.70–1.64 (m, 4H).  13C-NMR (100 MHz, CDCl3): δ 127.5, 
125.6, 124.8, 123.9, 72.9, 70.2, 51.3, 33.4, 26.8, 25.9, 25.4.  IR (neat, cm-1): 2859, 2095.  
HRMS (ESI-pos): Calcd. for C11H17N3ONa 230.1264 ([M+Na]+), found: 230.1256. 
 
N-Phthaloyl Cyclohexa-2,4-dien-1-ylmethanamine (131)  
colorless needles;  mp: 66 °C (hexane)  1H-NMR (400 MHz, CDCl3): 
δ 7.85 (m, 2H), 7.72 (m, 2H), 5.98 (dd, J = 9.6, 5.6 Hz, 1H), 5.93–5.89 (m, 
1H), 5.77 (dt, J = 9.6, 4.8 Hz, 1H), 5.71 (dd, J = 9.6, 4.4 Hz, 1H), 3.75 (dd, J 
= 13.6, 8.4 Hz, 1H), 3.67 (dd, J = 13.6, 6.4 Hz, 1H), 2.81–2.76 (m, 1H), 2.27 (dddd, J = 17.2, 
8.8, 4.4, 2.0 Hz, 1H), 2.07 (dddd, J = 17.2, 10.8, 4.4, 2.0 Hz, 1H).  13C-NMR (100 MHz, 
CDCl3): δ 168.6, 134.0, 132.1, 126.9, 125.6, 125.3, 124.0, 123.3, 40.5, 32.4, 26.2.  IR (neat, 
cm-1): 1699.  HRMS (ESI-pos): Calcd. for C15H13NO2Na 262.0838 ([M+Na]+), found: 
262.0823. 
 
Methyl (cyclohexa-2,4-dien-1-ylmethyl)(phenethyl)carbamate (132) 
pale yellow oil;  1H-NMR (400 MHz, CDCl3): δ 7.31–7.19 (m, 5H), 













3.67 (s, 1.5H), 3.43 (m, 2H), 3.18 (m, 1H), 3.13 (m, 1H), 2.82 (m, 2H), 2.64–2.54 (m, 1H), 
2.23–2.18 (m, 1H), 2.00 (m, 1H)  13C-NMR (150 MHz, CDCl3): δ 156.9, 139.0 (0.5c), 138.9 
(0.5c), 128.7, 128.4, 127.9, 127.6, 126.2, 125.04 (0.5c), 124.95 (0.5c), 123.9, 52.3, 50.2 (0.5c), 
50.1 (0.5c), 49.6 (0.5c), 49.5 (0.5c), 34.9 (0.5c), 34.2 (0.5c), 31.7 (0.5c), 31.4 (0.5c), 25.8.  IR 
(neat, cm-1): 1701.  HRMS (ESI-pos): Calcd. for C17H21NO2Na 294.1465 ([M+Na]+), found: 
294.1451. 
 
N-(Cyclohexa2,43-dien-1-yl)-4-nitrobenzenesulfoneamide (133)  
pale brown oil;  1H-NMR (400 MHz, CDCl3): δ 8.19 (dd, J = 6.4, 2.4 Hz, 1H), 
7.88 (dd, J = 6.4, 2.4 Hz, 1H), 7.77–7.74 (m, 2H), 6.01–5.99 (m, 2H), 5.81–
5.78 (m, 1H), 5.62–5.56 (m, 2H), 4.15 (m, 1H), 2.43 (t, J = 5.2 Hz, 2H)  13C-NMR (150 MHz, 
CDCl3): δ 147.7, 135.3, 133.5, 133.0, 130.5, 127.0, 125.4, 125.0, 124.1, 123.9, 47.3, 30.2.  IR 
(neat, cm-1): 3345, 1542.  HRMS (ESI-pos): Calcd. for C12H12N2O4SNa 303.0410 ([M+Na]+), 
found: 303.0404. 
 
trans-(Cyclohexa-3,5-diene-1,2-diyl)bis(methylene) dibenzoate (134)  
colorless needles;  mp: 93 °C (hexane), 1H-NMR (400 MHz, CDCl3): δ 8.00 
(d, J = 7.6 Hz, 4H), 7.54 (t, J = 7.6 Hz, 2H), 7.39 (t, J = 7.6 Hz, 4H), 6.05 (dd, 
J = 7.6, 2.8 Hz, 2H), 5.75–5.71 (m, 2H), 4.36 (dd, J = 10.8, 5.2 Hz, 2H), 4.22 
(dd, J = 10.8, 8.0 Hz, 2H), 2.93 (m, 2H).  13C-NMR (100 MHz, CDCl3): δ 166.4, 132.9, 130.1, 
129.6, 128.3, 125.1, 124.6, 64.7, 34.7.  IR (neat, cm-1): 1719.  HRMS (ESI-pos): Calcd. for 
C22H20O4Na 371.1254 ([M+Na]+), found: 371.1248. 
 
cis-(Cyclohexa-3,5-diene-1,2-diyl)bis(methylene) dibenzoate (135)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.97 (d, J = 7.6 Hz, 2H), 7.51 
(t, J = 7.6 Hz, 1H), 7.37 (t, J = 7.6 Hz, 2H), 6.08–6.06 (m, 2H), 5.83–5.81 (m, 
2H), 4.47 (d, J = 6.4 Hz, 4H), 3.08 (s, 2H).  13C-NMR (100 MHz, CDCl3): δ 
166.4, 132.9, 130.0, 129.5, 128.3, 126.2, 125.6, 63.5, 35.2.  IR (neat, cm-1): 2953, 1719, 1601, 














colorless oil;  1H-NMR (400 MHz, CDCl3): δ 5.98–5.90 (m, 2H), 
5.77 (dd, J = 9.2, 4.4 Hz, 1H), 5.66 (dd, J = 9.2, 4.4 Hz, 1H), 4.14 
(dd, J = 10.8, 8.0 Hz, 1H), 4.09 (dd, J = 10.8, 8.0 Hz, 1H), 3.70 (s, 3H), 2.70 (t, J = 5.2 Hz, 1H), 
2.36 (m, 1H), 1.88 (td, J = 12.8, 5.2 Hz, 1H) 1.76 (td, J = 12,8, 5.2 Hz, 1H), 1.51-1.40 (m, 2H), 
1.45 (s, 6H), 1.19 (s, 9H).  13C-NMR (100 MHz, CDCl3): δ 178.6, 154.0, 130.4, 126.9, 125.1, 
124.1, 83.9, 63.3, 53.9, 38.2, 36.4, 35.2, 27.2, 25.7, 25.6, 22.8.  IR (neat, cm-1):2975, 1744, 
1729.  HRMS (ESI-pos): Calcd. for C19H30O5Na 361.1985 ([M+Na]+), found: 361.1978. 
 
cis-2,3,3a,7a-Tetrahydro-1H-inden-2-yl benzoate (137) 
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.00 (dt, J = 7.6, 1.6 Hz, 
2H), 7.54 (tt, J = 7.6, 1.6 Hz, 1H), 7.42 (t, J = 7.6 Hz, 2H), 5.81 (dd, J = 
8.0, 2.8 Hz, 2H), 5.69–5.66 (m, 2H), 5.35–5.29 (m, 1H), 2.83 (m, 2H), 2.44 
(m, 2H), 1.89 (dd, J = 6.4, 5.2 Hz, 1H), 1.85 (dd, J = 6.4, 5.2 Hz, 1H).  13C-NMR (100 MHz, 
CDCl3): δ 166.6, 132.7, 130.6, 129.6, 129.2, 128.2, 120.9, 73.6, 40.1, 35.7.  IR (neat, cm-1): 
1715.  HRMS (ESI-pos): Calcd. for C16H16O2Na 263.1043 ([M+Na]+), found: 263.1027. 
 
N-Trifluoroacetyl cis-1,3,3a,7a-tetrahydroisoindol (138)  
yellow oil;  1H-NMR (400 MHz, CDCl3): δ 6.01–5.95 (m, 2H), 5.69–5.66 
(m, 2H), 3.91–3.83 (m, 2H), 3.65–3.59 (m, 2H), 3.02 (s, 2H).  13C-NMR 
(150 MHz, CDCl3): δ 155.0 (t, J = 36.6 Hz), 126.8, 125.4, 124.9, 124.3, 
116.3 (q, J = 288 Hz), 53.2, 51.5, 37.4, 34.9.  IR (neat, cm-1): 1690.  HRMS (ESI-pos): Calcd. 
for C10H10F3NONa 240.0607 ([M+Na]+), found: 240.0604. 
 
4-Methyl-5,5-diphenylcyclohexa-1,3-diene (139) 
colorless needles;  mp: 59 °C (hexane)  1H-NMR (400 MHz, CDCl3): δ 7.30–
7.20 (m, 10H), 6.05 (d, J = 5.2 Hz, 1H), 5.88–5.85 (m, 1H), 5.73–5.69 (m, 1H), 
3.02 (d, J = 3.2 Hz, 2H), 1.57 (s, 3H).  13C-NMR (150 MHz, CDCl3): δ 145.5, 139.7, 128.9, 
127.6, 126.1, 124.6, 124.2, 123.4, 52.3, 39.4, 22.9.  IR (neat, cm-1): 1493, 1443.  HRMS 

















5,5-Bis(methoxymethyl)-4-phenylcyclohexa-1,3-diene (140)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.35–7.23 (m, 5H), 5.97–
5.93 (m, 1H), 5.89 (d, J = 4.4 Hz, 1H), 5.85–5.80 (m, 1H), 3.37 (d, J = 9.2 
Hz, 2H), 3.34 (d, J = 9.2 Hz, 2H), 3.21 (s, 6H), 2.52 (dd, J = 4.4, 2.0 Hz, 
2H).  13C-NMR (100 MHz, CDCl3): δ 142.2, 141.3, 129.0, 127.5, 126.6, 126.1, 125.9, 123.5, 
73.9, 58.9, 43.5, 28.5.  IR (neat, cm-1): 2889.  HRMS (ESI-pos): Calcd. for C16H20O2Na 
267.1356 ([M+Na]+), found: 267.1352. 
 
Cyclopenta-2,4-diene-1,1-diylbis(methylene) dibenzoate (142)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.04 (d, J = 7.6 Hz, 4H), 7.56 (t, 
J = 7.6 Hz, 2H), 7.43 (t, J = 7.6 Hz, 4H), 6.57–6.52 (m, 4H), 4.46 (s, 4H).  
13C-NMR (100 MHz, CDCl3): δ 166.2, 137.4, 133.9, 133.1, 130.0, 129.6, 128.4, 64.4, 60.2.  IR 
(neat, cm-1): 1718, 1266.  MS m/z: 334 (M+), 105 (100%).  HRMS (EI): Calcd. for C21H18O4 
334.1205 (M+), found: 334.1178. 
 
Ethyl 1-phenylcyclopenta-2,4-diene-1-carboxylate (143)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 7.36–7.24 (m, 5H), 6.73–6.71 
(m, 2H), 6.43–6.41 (m, 2H), 4.17 (q, J = 7.2 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H).  
13C-NMR (100 MHz, CDCl3): δ 170.8, 139.4, 137.2, 131.5, 128.6, 127.4, 126.6, 71.0, 61.5, 14.1.  
IR (neat, cm-1): 1726, 1227.  MS m/z: 214 (M+), 141 (100%).  HRMS (EI): Calcd. for 
C14H14O2 214.0994 (M+), found: 214.1027. 
 
Cyclohepta-3,5-diene-1,1-diylbis(methylene) dibenzoate (145)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.02 (d, J = 7.6 Hz, 4H), 7.56 
(t, J = 7.6 Hz, 2H), 7.43 (t, J = 7.6 Hz, 4H), 5.98–5.95 (m, 2H), 5.87–5.84 
(m, 2H), 4.36 (s, 4H), 2.44 (d, J = 5.2 Hz, 4H).  13C-NMR (100 MHz, CDCl3): δ 166.4, 133.1, 
130.1, 129.6, 129.3, 128.4, 127.5, 67.6, 44.5, 34.7.  IR (neat, cm-1): 1716, 1263.  HRMS 
(ESI-pos) Calcd. for C23H22O4Na ([M+Na]+) :385.1410, found: 385.1393. 
 
Cyclohepta-3,5-dien-1-yl benzoate (146)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 7.6, 1.6 Hz, 2H), 














2H), 5.77–5.72 (m, 2H), 5.38 (heptet, J = 4.4 Hz, 1H), 2.75–2.62 (m, 4H).  13C-NMR (100 
MHz, CDCl3): δ 165.7, 132.8, 130.7, 129.6, 128.3, 127.3, 126.7, 73.2, 36.2.  IR (neat, cm-1): 
1715.  HRMS (ESI-pos): Calcd. for C14H14O2Na 237.0886 ([M+Na]+), found: 237.0886. 
 
Cycloocta-3,5-dien-1-yl benzoate (147)  
colorless oil;  1H-NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 8.0, 1.6 Hz, 2H), 
7.55 (t, J = 8.0 Hz, 1H), 7.43 (t, J = 8.0 Hz, 2H), 6.05 (dd, J = 11.6, 4.4 Hz, 
1H), 5.81 (dd, J = 11.6, 4.4 Hz, 1H), 5.74–5.64 (m, 2H), 5.22–5.17 (m, 1H), 2.66 (dt, J = 13.2, 
8.4 Hz, 1H), 2.55–2.44 (m, 2H), 2.26–2.18 (m, 1H), 2.06–1.99 (m, 1H), 1.93–1.86 (m, 1H).  
13C-NMR (100 MHz, CDCl3): δ 165.9, 132.8, 131.6, 130.8, 129.7, 129.5, 128.3, 126.2, 125.1, 
71.3, 32.1, 27.3, 24.8.  IR (neat, cm-1): 1714.  HRMS (ESI-pos): Calcd. for C15H16O2Na 






150-1: 123 mg (296 µmol, 59%), colorless oil; 1H-NMR (400 MHz, 
CDCl3): δ 8.05 (d, J = 7.8 Hz, 2H), 7.56 (t, J = 7.8 Hz, 1H), 7.45 (t, 
J = 7.8 Hz, 2H), 4.90–4.81 (m, 2.8H), 4.16–4.14 (m, 3.2H), 3.32 
(br s, 0.5H), 3.24 (br s, 0.5H), 3.16 (br s, 0.5H), 3.11 (br s, 0.5H), 
2.53 (br d, J = 12.0 Hz, 0.8H), 2.36–1.54 (m, 13.8H), 1.35–1.15 (m, 
2.4H).  IR (neat, cm-1): 2932, 1720, 1270.  HRMS (ESI-pos): 
Calcd. for C24H31NO335Cl 416.1987 ([M+H]+) and C24H31NO337Cl 
418.1957 ([M+2+H]+), found: 416.1963 and 418.1936. 
150-2: 62 mg (149 µmol, 30%), 1H-NMR (400 MHz, CDCl3): 
δ 8.05 (d, J = 7.1 Hz, 2H), 7.56 (t, J = 7.1 Hz, 1H), 7.45 (t, J = 7.1 
Hz, 2H), 5.02–4.91 (m, 1.8H), 4.77 (br s, 1H), 4.27–4.06 (m, 3.2H), 3.36 (br s, 0.5H), 3.31 (br s, 
0.5H), 3.22 (br s, 0.5H), 3.17 (br s, 0.5H), 2.56–1.57 (m, 15.6H), 1.26-1.11 (m, 2.4H).  IR 
OBz
4-Cl-AZADO+BF4–  (63) 
(1.2 equiv.)
MeCN, rt, 2 h;
DBU (3 equiv.)




















(neat, cm-1): 2932, 1719, 1272.  HRMS (ESI-pos): HRMS (ESI-pos): Calcd. for 
C24H30NO335ClNa 438.1806 ([M+Na]+) and C24H30NO337ClNa 440.1777 ([M+2+Na]+), found: 




152 and/or 153: colorless oil; 1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 7.7 Hz, 2H), 7.56 (t, 
J = 7.7 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 5.02–4.76 (m, 2.8H), 4.77 (br s, 1H), 4.23–4.12 (m, 
2.2H), 3.19 (m, 0.5H), 3.11 (br s, 0.5H), 3.04 (br s, 0.5H), 2.96 (br s, 0.5H), 2.54–1.10 (m, 20H).  
IR (neat, cm-1): 2933, 1720, 1272.  HRMS (ESI-pos): Calcd. for C25H32NO335ClNa 452.1963 
([M+Na]+) and C25H32NO337ClNa 454.1933 ([M+2+Na]+), found: 452.1935 and 454.1907. 
 
• 3w and 3v 
 
 
156: yellow oil;  1H-NMR (400 MHz, CDCl3): δ 8.06-8.02 (m, 4H), 7.58-7.53 (m, 2H), 




4-Cl-AZADO+BF4–  (63) 
(1.2 equiv.)
MeCN, rt, 1 h;
DBU (3 equiv.)

















MeCN, rt, 24 h;
DBU (3 equiv.)
rt, 2 h, 96%
4-Cl-AZADO+BF4– 
(63) (1.2 equiv.)
MeCN, rt, 72 h;
DBU (3 equiv.)










Hz, 2H), 4.31-4.24 (m, 1.2H), 3.31 (br d, J = 5.6 Hz, 1H), 3.16 (br s, 1H), 2.47 (br d, J = 12.4 
Hz, 0.8H), 2.34-1.54 (m, 11H), 1,32 (m, 0.2H).  13C-NMR (100 MHz, CDCl3): δ 166.5, 166.2, 
134.95, 134.88, 132.96, 132.92, 132.90, 130.3, 130.2, 129.64, 129.61, 129.55, 129.52, 128.4, 
126.4, 126.3, 78.6, 64.71, 64.67, 61.71, 61.68, 60.7, 60.60, 60.57, 60.1, 54.4, 53.7, 36.4, 36.2, 
34.2, 33.13, 33.08, 32.6, 32.5, 29.95, 29.86, 29.6, 25.1.  IR (neat, cm-1): 2932, 1719, 1272.  
HRMS (ESI-pos): Calcd. for C29H32NO535ClNa 532.1861 ([M+Na]+) and C29H32NO537ClNa 
534.1832 ([M+2+Na]+), found:532.1841 and 534.1808. 
 
Functionalization of the obtained 1,3-cyclohexadienes (Scheme 3-6) 
 
Endoperoxide 158 
  To a solution of 1,2-trans-(cyclohexa-3,5-diene-1,2-diyl)bis(methylene) dibenzoate (134, 174 
mg, 500 µmol) in CH2Cl2 (1.5 mL) was added 5,10,15,20-tetraphenylporphyrin (3.07 mg, 5.00 
µmol) at room temperature. The solution was stirred with bubbling of O2 under irradiation 
(100V/22W fluorescent lamp) at 0 °C for 7 h. The mixture was concentrated under reduced 
pressure. The residue was purified with column chromatography (AcOEt : hexane = 1 : 4) to 
afford endoperoxide 158 (154 mg, 406 µmol, 81%) as a colorless gummy oil.  
1H-NMR (400 MHz, CDCl3): δ 8.07–8.03 (m, 4H), 7.60–7.56 (m, 2H), 7.48–7.44 (dt, J = 7.6, 
1.6 Hz, 4H), 6.82 (td, J = 6.4, 1.6 Hz, 1H), 6.70 (td, J = 6.4, 1.6 Hz, 1H), 4.81–4.72 (m, 3H), 
4.57 (t, J = 10.2 Hz, 1H), 4.22 (dd, J = 11.2, 6.0 Hz, 1H), 4.04 (dd, J = 11.2, 9.2 Hz, 1H), 2.52–
2.46 (m, 1H), 1.82 (dt, J = 9.6, 5.0 Hz, 1H).  13C-NMR (100 MHz, CDCl3): δ 166.28, 166.27, 
133.4, 133.2, 132.8, 131.0, 129.7, 129.6, 128.55, 128.50, 71.9, 71.1, 65.6, 64.5, 37.5, 37.0.  IR 
























1. OsO4, NMO, citric acid
    tBuOH-H2O-THF, 
    45-55 °C, 7 h
2. 2,2-dimethoxypropane
    pTsOH•H2O, acetone





















  To a solution of endoperoxide 158 (154 mg, 405 µmol) in MeOH (3 mL) was added thiourea 
(33.9 mg, 445 µmol) at room temperature. The suspension was stirred at the same temperature 
for 3 h. Additional thiourea (33.9 mg, 445 µmol) was added to the suspension at room 
temperature and the suspension was stirred for another 2 h. The suspension was filtered through 
a pad of Celite® and the filtrate was concentrated under reduced pressure. The residue was 
purified with column chromatography (MeOH : CHCl3 = 1:9) to afford an amorphous. Addition 
of CHCl3 solidified the amorphous. The solid was collected by filtration and dried under 
vacuum to afford diol 159 (108 mg, 281 µmol, 69%) as a white solid.  
colorless crystals; mp: 161 °C (AcOEt-hexane) 1H-NMR (400 MHz, CD3OD): δ 7.89 (d, J = 7.6 
Hz, 2H), 7.82 (d, J = 7.6 Hz, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.53 (t, J = 7.6 Hz, 1H), 7.45 (d, J = 
7.6 Hz, 2H), 7.31 (d, J = 7.6 Hz, 2H), 5.79–5.73 (m, 2H), 5.16 (d, J = 5.8 Hz, 1H), 4.94 (d, J = 
5.8 Hz, 1H), 4.54 (dd, J = 11.2, 3.6 Hz, 1H), 4.45–4.37 (m, 3H), 4.17 (m, 1H), 4.04–4.01 (m, 
1H), 2.20–2.13 (m, 1H), 2.08–2.00 (m, 1H), 13C-NMR (100 MHz, CD3OD): δ 165.6, 134.0, 
133.1, 133.0, 129.8, 129.7, 129.01, 128.99, 128.6, 128.4, 66.0, 65.2, 62.9, 62.4, 39.0, 38.6.  IR 
(ATR, cm-1): 3446, 1698, 1277.  HRMS (ESI-pos): Calcd. for C22H22O6Na 405.1309 
([M+Na]+), found: 405.1299. 
 
Tetrabenzoate E114 
  To a solution of diol 159 (10.0 mg, 26.1 µmol) in pyridine (500 µL) was added BzCl (9.1 µL, 
78 µmol) at room temperature. The solution was stirred at the same temperature overnight. 
Additional BzCl (9.1 µL, 78 µmol) was added to the solution and the solution was stirred 
another 1 h at room temperature. The mixture was diluted with H2O. The mixture was extracted 
with AcOEt (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (AcOEt : hexane = 1 : 4) to 
afford tetrabenzoate E114 (12.7 mg, 21.9 µmol, 84%) as a white solid. 
colorless crystals; mp: 165–166 °C (Et2O).  1H-NMR (400 MHz, CDCl3): δ 8.07–7.98 (m, 6H), 
7.86 (d, J = 7.6 Hz, 2H),  7.58–7.51 (m, 3H), 7.48–7.38 (m, 7H), 7.30–7.23 (m, 2H), 6.25 (ddd, 
J = 10.0, 4.8, 1.8 Hz, 1H), 6.14 (dd, J = 10.0, 2.4 Hz, 1H), 5.85–5.81 (m, 2H), 4.78–4.73 (m, 




MHz, CDCl3): δ 166.1, 165.7, 133.3, 133.2, 133.1, 133.0, 131.7, 129.9, 129.8, 129.68, 129.66, 
129.5, 128.45, 128.43, 128.41, 128.3, 127.3, 69.6, 67.2, 63.6, 61.7, 37.6, 37.3  IR (neat, cm-1): 
1719, 1267.  HRMS (ESI-pos): Calcd. for C36H30O8Na 613.1833 ([M+Na]+), found: 613.1815. 
 
Protected hexaol 160 
  To a solution of tetrabenzoate E110 (8.0 mg, 14 µmol), citric acid (5.2 mg, 27 µmol), NMO 
(2.4 mg, 20 µmol) in tBuOH-H2O-THF (1:1:1, 1.5 mL) was added OsO4 (0.1 M in H2O, 7 µL, 
0.7 µmol) at room temperature. The solution was stirred at 45 °C for 2 h. Additional OsO4 (0.1 
M in H2O, 7 µL, 0.7 µmol) was added to the solution and the solution was stirred at 55 °C for 
another 3 h. Additional OsO4 (0.1 M in H2O, 10 µL, 1 µmol) was added to the solution and the 
solution was stirred at 55 °C for another 2 h. The mixture was diluted with sat. aq. NaHCO3 and 
treated with Na2SO3. The mixture was extracted with AcOEt (3 times). The organic layer was 
washed with brine, dried over Na2SO4 and evaporated. The residue was used in the next reaction 
without further purification. pTsOH·H2O (1.0 mg, 5.4 µmol) was added to the solution of the 
residue and 2,2-dimethoxypropane (16.0 µL, 135 µmol) in acetone (1 mL) at room temperature. 
The mixture was stirred at the same temperature for 18 h. The mixture was diluted with H2O. 
The mixture was extracted with AcOEt (3 times). The organic layer was washed with brine, 
dried over Na2SO4 and evaporated. The residue was purified with column 
chromatography (AcOEt : Hexane = 1 : 4) to afford protected hexaol 160 
(6.67 mg, 10.0 µmol, 74%) as a colorless oil. 
colorless oil; 1H-NMR (600 MHz, CDCl3): δ 8.04 (d, J = 7.8 Hz, 4H), 
8.01 (d, J = 7.8 Hz, 2H), 8.04 (d, J = 7.8 Hz, 2H), 7.58–7.53 (m, 3H), 7.48–7.38 (m, 7H), 7.28 (t, 
J = 7.8 Hz, 2H), 5.91 (s, 1H), 5.75 (dd, J = 10.2, 6.0 Hz, 1H), 4.71 (dd, J = 11.1, 5.1 Hz, 1H), 
4.55–4.44 (m, 5H), 2.90 (m, 1H), 2.63 (m, 1H), 1.65 (s, 3H), 1.39 (s, 3H).  13C-NMR (150 
MHz, CDCl3): δ 166.3, 166.1, 165.6, 165.2, 133.5, 133.2, 133.04, 132.99, 129.9, 129.81, 129.77, 
129.69, 129.64, 129.55, 129.48, 129.3, 128.5, 128.4, 128.33, 128.25, 110.2, 74.8, 72.2, 70.2, 
63.2, 61.6, 37.4, 35.6, 27.6, 26.0.  IR (neat, cm-1): 1722, 1268.  HRMS (ESI-pos): Calcd. for 











Nitroso Diels-Alder adduct 161 and 161’ 
  To a solution of 1,2-cis-(cyclohexa-3,5-diene-1,2-diyl)bis(methylene) dibenzoate (135, 50.0 
mg, 144 µmol) and nBu4NIO4 (93.2 mg, 215 µmol) in CH2Cl2 (1 mL) was added BocNHOH 
(28.6 mg, 215 µmol) portionwise at room temperature. The solution was stirred at the same 
temperature for 2 h. Additional nBu4NIO4 (46.6 mg, 108 µmol) and BocNHOH (14.3 mg, 108 
µmol) were added to the solution and the solution was stirred for additional 30 min. The 
mixture was diluted with sat. aq. NaHCO3 and treated with Na2SO3. The mixture was extracted 
with AcOEt (3 times). The organic layer was washed with brine, dried over MgSO4 and 
evaporated. The residue was purified with column chromatography (AcOEt : hexane = 1 : 4) to 
afford nitroso Diels-Alder adduct 161 and 161’ (9:1, 41.2 mg, 85.9 µmol, 60%) as a white 
amorphous.  
white amorphous; 1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 7.2 Hz, 2H), 8.02 (d, J = 7.2 Hz, 
2H), 7.59 (t, J = 7.2 Hz, 2H), 7.46 (t, J = 7.2 Hz, 4H), 6.71–6.62 (m, 2H), 4.96–4.90 (m, 1.8H), 
4.85–4.78 (m, 0.4H), 4.61 (dt, J = 19.2, 10.0 Hz, 0.2H), 4.44 (dd, J = 11.2, 5.6 Hz, 0.9H), 4.38 
(dd, J = 11.2, 5.6 Hz, 0.9H), 4.17 (dd, J = 11.2, 9.4 Hz, 0.9H), 4.11 (dd, J = 11.2, 9.4 Hz, 0.9H), 
3.16–3.09 (m, 0.9 H), 3.05–2.98 (m, 0.9H), 2.39 (m, 0.1H), 2.22–2.21 (m, 0.1H), 1.47 (s, 8.1H), 
1.45 (s, 0.9H).  13C-NMR (100 MHz, CDCl3, Signals of minor diastereomer are marked with 
an asterisk): δ 166.1, 166.0, 157.4, 133.3, 133.1*, 131.94, 131.89*, 131.1, 130.0*, 129.9*, 
129.62, 129.57, 128.5, 128.4*, 82.24, 82.15*, 71.8, 71.2*, 62.8, 62.5, 62.4*, 62.1*, 52.1, 51.8*, 


































(inseparable, 162  : isomer = 9:1)
1. OsO4, NMO
    citric acid
    tBuOH-H2O-THF
    45 °C, 7.5 h
2. BzCl, Pyridine












C27H29NO7Na 502.1836 ([M+Na]+), found: 502.1823. 
 
Tetrbenzoate E115 
  To a solution of 161 and 161’ (20.0 mg, 41,7 µmol), citric acid (16.0 mg, 83.4 µmol), NMO 
(7.3 mg, 63 µmol) in tBuOH-H2O-THF (1:1:1, 1.5 mL) was added OsO4 (0.1 M in H2O, 20 µL, 
2 µmol) at room temperature. The solution was stirred at 45 °C for 3.5 h. Additional OsO4 (0.1 
M in H2O, 20 µL, 2 µmol) was added to the solution and the solution was stirred at 45 °C for 
another 2 h. Additional OsO4 (0.1 M in H2O, 20 µL, 2 µmol) was added to the solution and the 
solution was stirred at 45 °C for another 2 h. The mixture was diluted with sat. aq. NaHCO3.  
The mixture was extracted with AcOEt (3 times). The organic layer was dried over Na2SO4 and 
evaporated. The residue was purified with column chromatography (AcOEt : hexane = 3 : 1) to 
afford a mixture of the desired diol and unknown impurity. The mixture was used in the next 
reaction without further purification.  BzCl (10.7 µL, 92.5 µmol) was added to a solution of 
the mixture in pyridine (500 µL) at room temperature. The solution was stirred at the same 
temperature for 2 h. Additional BzCl (10.7 µL, 92.5 µmol) was added to the solution and the 
solution was stirred another 1 h at room temperature. The mixture was diluted with H2O. The 
mixture was extracted with AcOEt (3 times). The organic layer was washed with brine, dried 
over MgSO4 and evaporated. The residue was purified with column chromatography (AcOEt : 
hexane = 1 : 8) to afford tetrabenzoate E115 and its isomer (20.5 mg, 28.4 µmol, 77%) as a 
white amorphous. 
white amorphous; 1H-NMR (600 MHz, CDCl3): δ 8.13–7.92 (m, 8H), 7.58–7.45 (m, 8H), 7.31 
(br s, 4H), 5.83 (d, J = 7.8 Hz, 1H) 5.69 (d, J = 7.8 Hz, 1H), 4.94–4.73 (m, 3H), 4.65–4.54 (m, 
3H), 3.30 (s, 2H), 1.49–1.23 (m, 9H).  13C-NMR (150 MHz, CDCl3): 
δ 166.1, 165.8, 165.4, 154.5, 133.5, 133.4, 130.1, 129.9, 129.8, 129.4, 
129.1, 128.7, 128.32, 128.27, 82.3, 75.3, 65.6, 64.6, 61.6, 61.1, 37.0, 
28.3.  IR (neat, cm-1): 1723, 1268.  HRMS (ESI-pos): Calcd. for 
C41H39NO11Na 744.2415 ([M+Na]+), found: 744.2387. 
 
Amino alcohol 162 
  To a solution of tetrabenzoate E115 (10.2 mg, 14.1 µmol) in MeCN-H2O (10:1, 1.1 mL) was 
added Mo(CO)6 (11.2 mg, 42.4 µmol) at room temperature. The solution was refluxed for 1 h. 














refluxed for another 30 min. The mixture was filtered through a pad of Celite® and the filtrate 
was concentrated under reduced pressure. The residue was purified with column 
chromatography (AcOEt : hexane = 1 : 2) to afford amino alcohol 162 and an isomer 
(inseparable mixture, 9:1, 8.83 mg, 12.2 µmol, 87%) as a colorless oil. 
colorless oil; 1H-NMR (600 MHz, CDCl3): δ 8.00 (br d, J = 7.8 Hz, 8H), 7.55–7.40 (m, 12H), 
5.81 (s, 2H), 4.70–4.40 (m, 6H), 2.98–2.72 (m, 4H), 1.37 (m, 9H). 1H-NMR (600 MHz, 70 °C, 
toluene-d8): δ  8.19-7.95 (m, 9H), 7.14-6.97 (m, 11H), 5.74-5.44 (br m, 3H), 4.75 (br s, 0.9H), 
4.67 (br s, 0.1H), 4.55-4.52 (m, 2H), 4.40-4.37 (m, 2H), 3.87 (br s, 0.9H), 2.99 (br s, 0.1H), 2.87 
(m, 0.9H), 2.76 (m, 0.1H), 2.63 (br s, 0.9 H), 1.39 (s, 1H), 1.31 (s, 9H).  13C-NMR (150 MHz, 
CDCl3): δ 166.4, 166.1, 165.1, 155.0, 133.3, 133.2, 133.0, 129.8, 129.64, 129.58, 129.54, 
129.34, 129.26, 128.5, 128.4, 79.8, 63.6, 64.0-62.1 (many signal were observed), 29.6, 28.1.  
IR (neat, cm-1): 3460, 1721, 1270.  HRMS (ESI-pos): Calcd. for C41H41NO11Na 746.2572 
([M+Na]+), found: 746.2543. 
 
•Section 2 
Isolation of amine 162 (Scheme 3-8) 
 
  To a solution of 4,5-dibenzoyloxymethyl-1-cyclohexene (163, 32.4 mg, 92.5 µmol) in MeCN 
(185 µL) was added 5-F-AZADO+BF4– (97, 28.5 mg, 111 µmol) at room temperature. The 
mixture was stirred at room temperature for 12 h. Additional 5-F-AZADO+BF4– (7.12 mg, 27.8 
µmol) was added to the mixture and the mixture was stirred at room temperature for another 3 h. 
AcOH (450 µL), H2O (1.4 mL) and zinc powder (72.6 mg, 1.11 mmol) was added to the 
mixture at the same temperature. The mixture was stirred at 50 °C for 3 h. The reaction was 
treated with sat. aq. Na2CO3 and extracted with CH2Cl2 (3 times). The organic layer was washed 






























chromatography (AcOEt : hexane = 1 : 4) to afford  4,5-dibenzoyloxymethyl-1-(5- 
fluoro-2-azaadamantyl)aminooxy-2-cyclohexene (164, 2.84 mg, 5.47 µmol, 5.9 %) as a 
colorless oil and 4,5-dibenzoyloxymethyl-1-(5-fluoro-2-azaadamantyl)amino-2-cyclohexene 
(166, 32.0 mg, 63.6 µmol, 69%) as a white solid. 
164 (diastereo mixture): colorless oil;  1H-NMR (600 MHz, CDCl3): δ 7.99–7.97 (m, 4H), 7.53 
(t, J = 7.8 Hz, 1H), 7.52 (t, J = 7.8 Hz. 1H), 7.39 (t, J = 7.8 Hz, 2H), 7.38 (t, J = 7.8 Hz, 2H), 
5.98 (dd, J = 10.2, 4.2 Hz, 1H), 5.93 (dd, J = 10.2, 4.2 Hz, 1H), 4.47 (dd, J = 11.4, 7.5 Hz, 1H), 
4.24–4.39 (m, 2H), 4.36 (dd, J = 11.4, 7.5 Hz, 1H), 4.18–4.15 (br d, J = 3.0 Hz, 1H), 3.57 (br s, 
0.8H), 3.49 (br s, 0.8H), 3.43 (br s, 0.2H), 3.35 (br s, 0.2H), 2.91–2.89 (m, 1H), 2.68–2.62 (m, 
1H), 2.48–2.42 (m, 1.6H), 2.33–2.26 (m, 1H), 2.17–2.10 (m, 2H), 1.93 (br s, 0.4H), 1.86 (br s, 
2H), 1.82–1.74 (m, 1H+1.6H), 1.73-1.68 (m, 0.2H), 1.66–1.49 (m, 1+1.6+0.2H), 1.23 (br s, 
0.1H), 1.21 (br s, 0.1H), 1.17 (br s, 0.1H), 1.15 (br s, 0.1H).  13C-NMR (150 Hz, CDCl3): δ 
166.4, 133.0, 132.9, 131.3, 130.1, 129.9, 129.5, 129.4, 128.7, 128.4, 128.3, 91.5, 90.3, 72.4, 
66.5, 63.7, 60.12, 60.07, 58.7, 58.6, 58.2, 58.1, 56.6, 56.5, 41.9, 41.8, 41.2, 41.0, 36.5, 34.9, 
31.5, 30.5, 29.3, 29.22, 29.15, 29.10, 28.7, 27.4, 27.3, 26.1.  IR (neat, cm-1): 2937, 1719, 1271, 
1099.  MS m/z: 520 ([M+H]+), 105 (100%).  HRMS (EI): Calcd. for C31H35NO5F 520.2499 
([M+H]+), found: 520.2495. 
166 (single isomer): colorless crystals; mp 102 °C (hexane),  1H-NMR (600 MHz, CDCl3): 
δ 7.99 (d, J = 7.2 Hz, 2H), 7.97 (d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.2 Hz, 1H), 7.52 (t, J = 7.2 Hz, 
1H), 7.39 (t, J = 7.2 Hz, 2H), 7.38 (t, J = 7.2 Hz, 2H), 5.92 (m, 2H), 4.46–4.37 (m, 4H), 3.47 (s, 
1H), 3.42 (s, 1H), 3.34 (s, 1H), 2.87 (d, J = 6.0 Hz, 1H), 2.77 (m, 1H), 2.30 (br s, 1H), 2.09 (m, 
1H), 1.96 (m, 1H), 1.92 (br s, 2H), 1.84 (d, J = 11.4 Hz, 1H), 1.77-1.63 (m, 5H), 1.46 (ddd J = 
21.6, 12.6, 2.4 Hz, 2H).  13C-NMR (150 MHz, CDCl3): δ 166.4, 132.94, 132.88, 130.3, 130.2, 
130.0, 129.51, 129.46, 129.1, 128.4, 128.3, 92.1 (d, J = 186 Hz), 66.5, 64.2, 52.4 (d, J = 8.6 Hz), 
52.2 (d, J = 8.6 Hz), 51.7, 42.2 (d, J = 17.3 Hz), 39.4 (d, J = 14.4 Hz), 38.1 (d, J = 14.4 Hz), 
36.6, 34.1, 33.6, 31.5, 30.4 (d, J = 8.6 Hz), 28.0.  IR (neat, cm-1): 2937, 1718, 1271.  MS m/z: 





Oxidative conversion of amine 166 into cyclohexadiene 135 
 
  To a solution of 4,5-dibenzoyloxymethyl-1-(5-fluoro-2-azaadamantyl)amino-2-cyc- 
lohexene 166 (5.00 mg, 9.93 µmol) in CH2Cl2 (1 mL) was added mCPBA (≤77%, 2.4 mg, 11 
µmol) at 0 °C. The mixture was stirred for 30 min at room temperature. Sat. aq. Na2CO3 (1 mL) 
was added to the mixture and the mixture was stirred for 30 min at the same temperature. The 
mixture was treated with Na2SO3 and extracted with CH2Cl2 (3 times). The organic layer was 
dried over MgSO4 and evaporated. The yield of 135 was determined (73%) by 1H-NMR 
analysis of the residue using 1,3,5-trimethoxybenzene as an internal standard. 
 
Gram-scale experiment and recovery of 4-Cl-AZADO+BF4– (Scheme 3-9) 
 
  To a solution of trans-4,5-dibenzoyloxymethyl-1-cyclohexene (167, 1.23 g, 3.50 mmol) in 
MeCN (7 mL) was added 4-Cl-AZADO+BF4– (1.15 g, 4.20 mmol) at 0 °C. The reaction mixture 
was stirred at room temperature for 19 h. iPrOH (3.2 mL, 42.0 mmol) was added to the reaction 
mixture and the mixture was stirred for 5 min. The mixture was concentrated under reduced 
pressure and the resulting residue was dissolved in MeCN (14 mL). DBU (1.57 mL, 10.5 mmol) 
was added to the reaction mixture at 0 °C and stirred for 2 h at room temperature. 10% Aq. HCl 
was added to the mixture until the color of mixture was changed from orange to pale yellow. 
The mixture was treated with sat. aq. NaHCO3 aq. and extracted with AcOEt (3 times). The 
organic layer was washed with brine, dried over MgSO4 and evaporated. The residue was 
purified with flash column chromatography (AcOEt-hexane = 1 : 9 to 1 : 1) to afford 


































as a white solid and 4-chloro-2-azaadamantane-2-ol (4-Cl-AZADOL, 168, 606 mg, 3.25 mmol, 
77% recovery) as a white solid.  
4-Cl-AZADOL: colorless crystals; mp: 128 °C (hexane),  1H-NMR (400 MHz, CDCl3): δ 6.28 
(br s, 1H), 4.93 (s, 0.8H), 4.27 (s, 0.2H), 3.34 (s, 1H), 3.20 (s, 1H), 2.57 (d, J = 13.6 Hz, 0.8H) 
2.41–2.37 (m, 1H), 2.28–2.21 (m, 1.2H), 2.14 (s, 0.8H), 2.06 (s, 0.2H), 1.95–1.80 (m, 3.2H), 
1.72–1.68 (m, 1.8H), 1.61 (m, 0.8H), 1.37 (d, J = 11.6 Hz, 0.2H).  13C-NMR (100 MHz, CDCl3,
major peak): δ 61.9, 59.4, 55.7, 36.4, 35.0, 31.6, 29.9, 29.8, 24.8.  IR (neat, cm-1): 3205, 2932, 
1445.  MS m/z: 187 (M+), 189 ([M+2]+), 121 (100%).  HRMS (EI): Calcd. for C9H14NOCl 
187.0764 (M+), found: 187.0766. 
  To 4-Cl-AZADOL (168, 606 mg, 3.25 mmol) was added 42% aq. HBF4 (518 µL, 3.25 mmol) 
slowly at 0 °C. aq. NaOCl (1.52 M, 2.1 mL, 3.25 mmol) was added to the solution dropwise and 
the mixture was stirred at 0 °C for 10 min (yellow precipitate was formed). NaBF4 (357 mg, 
3.25 mmol) was added to the mixture and the mixture was stirred for 30 min and then stand for 
5 min at 0 °C. The mixture was diluted with Et2O and filtered. The collected precipitate was 
dried under reduced pressure to afford 4-Cl-AZADO+BF4– (63, 840 mg, 3.07 mmol, 95%) as a 
yellow solid. 
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